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Foreword

ABOUT THE AU l'CORS

In Chapter 2 of this AGARDogr,ipi the authors htave included brief biographical notes onl aI few outstanding Individuals who
have led the development of hugh-performance parachute technology aiid itsapplicatioits Characteristically enough. tfilet did
tnot include themrselves among these miajoir contributors It is this omission that the Edtor feels Should be correctedf and
rectified Ii this I icf foreword

B~oth authosr, are Members oif 'leehiical Staff at Sandia National Laboi atonies. which is otie of the lead parachute desigit
labora tonies Iii the Uited Z teS Biothi haw hCben entinenltlx invoklsed Ii parachute design aind testinig, the senioi athor sinc
1956 and the juttor athi s', cc 1977

Randall C. NMa~deni

After a distiinguishecd service as 11-29 Navigatot 'Bomrbarhici Ii the Pacific Iii 1944-45, laic l aycew i eceised his B3 S and
MI S deirecs Ii Aeroiiautical Enugitneerinig fromt the Unitei sitv of Coliirado, Ii Boulder IeI then Spent three yeats atl NACA
(NA'SA\) Aiiies Research (ei'ic pc fominiiig studies of lamniar aiid turbuilent boiindai v layci s atl supet sotitic Spes befloic
joinling Saitla Corponi ( iOn' Sandia Nationial I abn ttiries ) Ii 1952

As a staff inenmber of the Aciod itaitcs Departinit aiid lant i as Suipet si~o of the hhperiincntal ActoLIi'aiii Divisioii,
R, iidv ss as us oksed Ii designuing bomnbs aind 11iuSi]Cs, ci indutilig a i ud tkiiiiil tests. aiid leugin ig auil l tmg into iiplitioti

ness lraulsonulc and f yrcisoii wind tunuliels at Sanudia

Ini 1956 Randy' oiiuginae uuit IScaih cli d des eOlotent Onl pirAcIHIitS at Sauudi1u, Ma l itIll %\tI~ ii icl e 1,s as to be iuslils ccl, to
arious degrees, for the next 30 )eait s and \%Inchi has resulted in thle desigii of Slime 200 pairaichiitc Sysitms. mny lui nit unique,

heavy-duty aind ligli-performu wve characteristics I Its staiff piiiicei ed tile use of Koslar aind the developmnent of (omlputeu
colles 101 piiMciLiiC des~in, the' %%Cie also unsiilscdl ill thle ouganlu/,tion oft sescral conuSCS in thle [!]le(l States aud I UIOpeC onI
p aintue dfesign Randly a'sN citceipielit of the D~epartmnt of Eneiirgy 1 987 Iteapi. IRel lgniuon ol. 1, c/elente lhim/e/ foi
'hDes lopmeiit of I ligli-Perfi onance Pat achiites for Nuclear Weaponms"

I rout 1905u to I19S8, Ranidy sei s d as Shanaget of Sandia's Acrodx naritic'S )epai tmiet. \\itfi a staff of (ii) to It I0 and Iwih thle
iespoitsibilitv for aerodfynaics research atud aCtllytliaiiiie designt of bomlb', Shells, rockets, ballistic and tiaucisering reetuti\
\ell] es.N guidd i11ssiles. pa raeliiite s) Stems. andl a% iiid t u rities I )iring this ltle, Ill addition tu) i% llsork oi pa~raciets, R61nlls
\\iS pCI soniall\ insoled Ill eallig ,i al,ii~l is iealni thiat located ,i Mlissinug tile[lI iiUi J (1ic0eu tI Otff theC coast Of '1p,11i i1 I t

1906,

Iii sophisticated bolli larN layer traiioui0 rScsc f, Ii tfile first United States sttilfi s of vcrtil-ais aiiid turbines, tl l Ii
niuumber of coiiiputationatl aniitll cci iemutill Studies of(I ilcloieiitlf s i ancsid ae, iciteriiili i,ai it of lili iciuti s. andI
a inged s eles ats a,1 elf ,iprachute flotaition Systems

Raic us an Associate I ellb, oll tit American Institute I Aeromautucan s ,iill \siualutic s AIAA Iaiit aas ( tenetal ( luairiniof
the 19)71 AIAA Aci odk iaiiiics 'I estuing ConfereceI If I sc Sell as Set i uaiN ( 19164) idt Piesulfet ( 11)(,,)- 70)o tilt
Siipersliiie utimi1cI \SSOcltliuu ii inteuutional minicii/aiou of Some 4i~ uuuisisiiies, aCiiiSpicc ciiiiipaiiics. aiind goscilileit

liiiorat~IuS. %In icht iiieCIS Se~uinuaiiull\ iii esslauge iiufirmi,itli oii %i iul-tilincul Siuiilatioin oi flight Ile lias authouiredf sii 7S
pmpel s ,iiid tepois

( arl Wi Peitersont

( ',ilI Petetsoii Canitedf If S I MI A ,iid Phl 1) LCgides Inl ACet 0Ilum ti ,l I ugilteerlug fliil Ii ileilti Urm ~ersi I \ i liauiug
sliuili ( kll)i I ,iiid intl Plum1 Beta Kippa I Ic' onultetd i cSv,it Iiilii cti soi tc 5iscius %a kcs. bouindi laS cm floaS anid Ssfic

\% use gas dx milliuts I Ic taugfhi gas dx unic s lot tiiie icais hiettre jinung Sandfia Lafioiliol i ii 1901)

lis a euuuher itt ctlit ,l Stafi ii Sandia ( J1rl tf1eoe hsi ice \tin-field diignIOStic telWttf tiles lii Saiidiau s amild tunnlcs
Ile designedf noeces and dcf loped lctric, lictis tor Sandiau s I lx perso111c Wind IM CI iu al l kki I)a1 iiOiulitlld ti SUpeCr istli
of the F- pemnencutal Aci lds iatiics Disi- a51 t Sania in 1971 Ik Ic onducted tescathIcli h~esrs ga l( . t15ci omi lasers.
It hiulCiti fiouncdl a l ,ix ~ er J.ilet till uItterac tililS ( ,irl setcs CIs ecretari, 111)74 -7 ,iiid President ( h) jI th Suipetshut
I utitel A\ssoctationi (dhescrifiedfabos )

Begunning Ii 1977. Cirl supers sel Sainlia s Parac~hute S stettis Dii ision I li 'tiitct aitc c tiuducted reseairch il p)taiite

aerodynlamlics Ile aiid his Staff 'tie r. spciisiblc for des eloinig parac~hute s) stciis Ilir the I )partiaeit lii Defense anic NASA as
%% cl i s fin Sanidia programts (aliil hutsauthorcd itltitihusI)V' Il Jatlui' teclitolligs Il et sehi (lairiaui of tile ,\IAA

Aerocly natic h)ec ehertor atud BaillootI chilulog) heItCalCouiiei 5~.idI9~(alaa orcpeu hte15
Un'iutecd Staites Dlmparinictt iif I' ncrg\ lki)oi Re1 ognit'-i i o 1 F cllemt, i hood for I es eopuiett iif hih-cfruic
Plarac~hutes for Nuclear Weapons I letis aui A~ssociaie 1-cllos oh the AIAA

%i1



Since Mav 1988, Carl nas served as Manager of Sandia's Aerodynamiics Department. In additon to parachutes. Carl manages
projects and research program% in aerodynamic and thermal analyses of reentry systems, missiles, bombs, shells. and rockets
He oversees the technical aspects of design deselopnien,, and stockpile inutenance of all United States nuclear sseaponi
parachute systems Carl is responsible fo; research and technology development program- in computational aerodynamics and
)iydrodynannics, as well as for irisonte atnd hypersonic wvind tunnels. range safety at the Tonopah aii(l Kauian test ranges, aiid
organizat-on distributed computers lie has authored some 75 publications in aerodyinamics.

Trhe AGARD Fluid lDynatnics Paniel is fortuiiate indeed to hiase two of the Nsorld's toremiost experts oil high-performance
parachutes as authors of tis much ineeded AGARDograph

K J Orlick-Ruckernan
AGARI) Fluid D~ynamics l'aiiel



Avant-Propos

LES AUTEURS

Les auteurs. de cette AGARDographie ont penis6 inclure au ehapitre 2 de louvrage, des resumes, bib!' )graplilques concerniant
certames perqoriaiit6s exceptionnielies qmi ont conduit le d~vcioppemient des technologies (it s parachutes i Ilautes
perforimancelc leurs applications. l1 es* a noter (lit ces autcurs oat volonitairemnit onivs de mnettre eut s nomrs a cote de ceux dc
leurs distingnues coliaborateurs Par consequent, en tant que Directeuir de la publieation~j'at vonlu reitldier a cr te omnission par
cet avantl-propas

Les deux anteurs font partie du personnel technique dIL Sandia National Laboratories, l'n des preiers laboratoires,
specialk%~ dims ]a conceptioin des parachutes aux Etats-Unis Tons les dens travaillent danis le doinatn e I ltude et des essais
des patratlitites. til leurs, coittrtbnUtioiis soOt Lilliversellenteti t reconntcs. depots 19.56 dans leceas de Randall Maydew. ct depots
1977 dans le eas de Carl Peteron

Randall C. Maydeiv

Apres onte periode tic service exeinllatre contie nasiigatei /boinbl,trd:cr an Pacifique de 1944 at 1945. Randy NMa~dew s'cst vu
decerne ics diplories de 13.5 et N1 S en genie aerotiautiquc de l'Unteersite de Colorado ai Boulder 1l a cnmilt pm5 tiotsaits au
NACA (NASA) Attic Reseatrch Ceitter, oni Ia realise des etudes stir ICS COneItes litte turbujlentes ci laiIiIatres aIX sitcsses
stlpersottiques. avatnt tiettre citcz lIt aaridta Corpotrationt (aetuellerint Sandia Natiottal Laborator-es) enl 1952

Fi tant tinte cadre (jai lsa secttoni acrodvitaniquec t par la suite de stiperviseur de Ia division de I'a&od ytiaiitne
tsperttetiale, Ranidy lvayde% a trasaile soit Ii tol(ittephtot de botnbes ci de utissIles, lit reaisatio dcssis cit sontflert, ais
(litte Stir ]a conceeption t la himisc enl octivic des totivelies soujfflertes tiatissoitques et hypersottiqucs aI Sandia.

Lit 1956. Rantty a laite des travaux de recherce et deseloppeient stir les parachutes, ii Sandia, activite tti (levait lcnpet. at
tiisers degres penldant ics tretites proehaties aices, et ti a perlIlts ]a conceptin de quteltios. 2100 systttses i paraciutes tlont
Illitistellirs sotit dotes de caracte ristiques itiniqos de resistance et liehatites performaites Sont eqoipe a etc lotte dies preieres ~I
Litiliser leKe laii ci [elaboration lIC codes% mtacinie poolr i'Ct d C (Its pa rachutte ett nieeop gicntt aiedvr
coui s stir Ia contception lies Parachutes ans E-tats-Unts ci enl Europe. En-i l987, Ranidy at etc noinne co-recipten~latie tie lai
ditstincttion d'exelietie tiats Ic doine tie IliemeiVII tILt Ututed States 1)cpai tintt of Eniergy pou Ile developpeiet die
paraclittes u Itautes perforiiaiies pou les aries iucl6aites',

D~e 1965 it 1988, ii a assure les foitettons lie directeur de la sectitn aerodyiatniqitc tie Sanidia, aset Lin personntiel d~e 60) at 10)
ciectits et Ia lesptiiisabilite de lit reciterchie eii acrodiyiiantWii 0i de la conceeption aerodyiatntqte de hoihes, tioLbtis. de
toquettes, tde vehlictils balittes, tic veiteles tie reitrce IIIaUiOIttivr,tiits, (ie iiitiesC gIliitics tIC ss'stcioles a p'lahe eltisc
decolienties Pendanit cette perititi, cii pltis lies traivatix quil iticitait sti ics parachutes, ii . etc iiiplitjte pcrsoiitelleieut cit tault
tlitle LICud'utiICequjtipe ti experts, Lim a retissia localiser onl enpiti titriuormoicai re pertitia iiiiige ties elites tie l'spagnc enl 1966

11ita egaleictit participe di tie triatix tie rchierche as ates stir la transition tie [a cotiche liiiii cii i Ilit panic tie ]it prelilere
eqoipeI~ atnieticatne a cintdier ics colititties at axe vertical Peintaiit ceite mettle lperitole i i a particip6 a boni toittibi c ticittis

itoiitrtatiqtics et espericitales die l'aiitti tamiquo citi d ertiem dteittji ticshi tles baliittti, tie vehiitettc tie
lettree et tie veiticete "alires attist tine tde systelti tie p..raehttde fiottaisonl

kati i esi incitibre ,iSSOttc de l'AiiiCrIeanl Ilit at of Aertnutii, anid Astronauitics (A IAA ) ctii presitie ! tAci tdyttatiiis

lestitig Ctnfereiie" organise par IA IAA enl )71 1 a egaleietit ersi cttime secreta-re (19t6 3-64) et Itresit it ( 1969-7)
dc Iit StipersIio fittici ,\SSOtcitioln, (ltte esi title orgaiti1satituti iitiernattotialc tegrtuaittti tlielkttcs 45S titiersits, tIopIgnIICS
,Ieittsliiaes ei labutratuti tes tiotitiix V1t LIM sige totis 1c si\ '. nt1S otitir c)Ititiger des ti t n~itts still li sttnutitoti till xii ell
sotifflcrie 11 es Fatiteor tde plus tie 75~ rappiuris et tOMITIitiiic.iiititis littet

(ar W. Pclersm

II I Petcrsto atibetit Icsdtipltuitcs WS E , \I A cit I) tic I L imtsi iete Iiriitctoi, asL etntioni Stttita I "tititLitel Pitt
Betti Kappa IIlIIL1 itoitiitciti utkthtteStir ICS siligesOittcsisprtttos ics~kU ctiett0t ti UC I iti ill tit,

a id (Itutli(iqiti titis tiCS t hitIO eta tI (iN1titniuteis g,11 11 1 etiscigite Les Iiattet e petititt trots atissoanttdi ifnri e a ,

Sandia Lilutrattie

I-it tault (litenuC)bte dI perstMICi it(itiIitIt, Carl a partitpe anuic deltppienit tie tetiiities avantecs tice tagiio it des

tiips d etoulcitieni pout les stiulilries d., Saniia Iid aclothe dts toseres) ci a deseltq)Ip ties rethuitteurs pou les stsiflei ics

htspersotujos Carl ItLit p riu super\ tscn r tie Ia dix is Ion d'acrod) itatolioc expe ritoieniale tic Sandtim enl 19)71 III a ttuttdtcS

jitteracious et citipennagc I an a assore Ics honctitiistie secretaire (1974-- 1975) cide piesitiit (1978) tie hi Supeisotilt,
I untie I Assotiatioti (soit ct-dcsstis)



A partir de 1977, Carl a supervisd Ics travaux de la division des syst~rnes i parachutes de Sandia. 11 a initi6 et r66li6 de la
recherche dans le domaine de l'a6rodynamnique des parachutes. Avec son 6quipe. il est responsable du di~veloppemient des
syst~nes ii parachutes pour Ic minist~re de la di~fensc et la NASA. ainsi que pour les programmes de la Sandia. Carl est l'auteur
de noinhreuses communications sur le% technologies des parachutes 11 a 6t nomm6 pri~sident du comiut6 technique pour les
technologies des ralentisseurs adrodynamniques et des hallons de IAlAA en 1986 ct en 1987. Carl a dt6 co-rdcipiendaire de la
distinction d'excellence du United States, Department of Energy pour "Ic developpement de parachutes a hautes performances
poair les arines nueldaires". 11 est roembre ,issocid de I'AIAA

1)epuis Ie inois de mai 1988. Carl a assur6 les fonctions de directeur de li division adrodviiamique de Sandia En plus de suit
travail dans cc domaijic. Carl gere des project% et des programmes de recherche en adrodynarnique ct sur l'analyse thermique
des syst~rncs de rentr&e Ics missile%. les bombes. Ici. obis ct les roquettes 11 supervise les aspects techniques de l'etude. du
ddveloppement ci de l'entretien de Ia rtdservc de tous les syst~mesinit parachutes des arnies nuclealres US Carl est responsable de
differenits prgan de recherche Ct de ddvelopperciit tie s technologies en aerodyiiamique numdrique Ct eni
hyvdrodynamniquc. alinsi que des souffierics hypersoniquets et trisoiiiques de Ia sdcurite sur les champs de tir de 't onopah et
Kauai et de l'informatiquc repartie 11 st I'lateur de quelques 75 ublications traitant de l'adodynanique

Ls% Pantel AGARD de li dynamnique des fluides petit seitorgucillir dJavoir chioisi commei ateursI deC cette AGARI~ographic
tut atiendue Ics dcii preiiiirs experts moiidiaux stir les parachutes"I hautes performances

K J Orlik-Ruckemanii
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CHAPTER 1

INTRODUCTION

1.1 The origins of high-performance parachute technology

For many years, parachute technology developed in an evolutionary fashion. It was sufficient to
rely on additional test data to build the experience base needed to meet the performance requirements
of the next high-performance parachute system. An evolutionary approach to parachute technology
develolment was appropriate then because parachute performance requirements were increasing in
small steps rather than by quantum jumps. Flight tests were both affordable and plentiful
Companion technologies were evolving. This approach to parachute technology development worked
very well; many parachutes developed during that era are still in use today.

Seve-al factors forced parachnute technology to advance much more rapidly during the past two
decades. Of primary significance was the specification of more stringent parachute performance
requirements, imposed to keep up with the rapid expansion of the flight envelopes of aircraft, missiles,
rockets, reentry vehicles, and spacecraft Companion aerospace technologies such as electronics.
computers, and material sciences had also accelerated rapidly, making these new flight environments
possible.

Concurrently, payloads became much more expensive and, as a result, recovery became much less
of an "option" than in the past. Aerospace system managers required greater assurance oif success for
new l)arachute systems, even at these more severe recovery environments. Not only (d they have littlP
tolerance for )arachute failures, they also had little sympathy for the traditional parachute dlesgntr
excuse that the physical phenomena associated with larachute inflation are extremely complex and
underappreciated. Having observed the successful advancements in the companion technologieq
leading to quantum juml)s In flight environments, they expected parachute technology to keel) pace.

At this juncture, the aplproach for develop)ing parachute technology was at a crossroads. Flight
testing costs had increased by more than an order of magnitude, making unaffordable the "design-
by-test" method of parachute design. Minimizing develolpment costs of a project now required
shortening the time scales for developmnent. As a result, parachute designers could no longer afford the
te required by an evolutionary iarachute design process, even if they could afford the costs. These

constraints forced consideration of an alternate al)lroach for develolping parachute technology, one
that could )port the development of parachute systems with substantially higher performance. ''he
alternate alpproach was to understand enough about the time-dependent aerodynamics anl st rtctural
dynamics of the inflating parachute to allow constructing approximate models of the inflation p~rocess
that, in turn, could be used as parachute design tools.

A phenomenological allproach to l)arachute design is not new. It is an old concept that was
rejected repeatedly in the past because modeling the aerodynamics of the inflating )arachute was
considered to be impjossil)ly complex. But, faced with the fact that the evolutionary approach was no
longer viable, the organizations responsible for designing high-performance parachute systems
reluctantly redirected their )arachute technology programs toward achieving a better understandling
of how those systems work. Initially, they validated the reasons for having abandoned this approach
before: the inflating parachute really is one of the most complex aerodynamic systems to model, as
this AGARDograph will demonstrate. But progress was made. New design tools were developed as we
learned more about how )arachutes interacted with the air around them Although we have much
more to learn, we have at least acknowledged our ignorance and have redirected ourselves to learn how
to design today's high-performance parachutes.

1.2 Scope of this work

The term "high-performance parachute" is unavoidably subjective, yet it is necessary to bound the
types of parachutes considered in this AGARDograph. We have chosen to define several categories of
parachutes as "high l)erformance." The first category includes larachutes that are deployed at Mach
numbers above 0.7 or at dynamic pressures above 500 lb/ft2. An example is the 24-ft-diameter
Kevlar/nylon ribbon parachute developed for a 760-it) payload to provide impact velocities of 75 ft/s
after release from an aircraft at altitudes of only 100 ft above the ground at release Mach numbers up
to 1.2. Pepperi I reported that this 90-lb parachute developed a maximum opening decCeration of
240 g at a deployment dynamic pressure of 2650 lb/ft2 . Another illustration uf a high-speed parachute
is the 5.2-ft-diameter Kevlar/nylon ribbon parachute' 2 developed to decelerate an 800-lb payload
from a deployment velocity of 2300 ft/s (M = 2.2) at an altitude of 3000 ft.
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Parachutes that recover very heavy payloads at any deployment velocity are also considered to
have high performance. An example of a very heavy payload for parachute recovery is the 174,000-lb
expended case of the Solid Rocket Booster (SRB) for the Space Shuttle. The original SRB recovery
system consisted of a 54-ft-diameter drogue ribbon parachute deployed at Mach 0.5 at 16,000 ft above
sea level followed by the deployment of three 115-ft-diameter ribbon parachutes at an altitude of
6500 ft to decelerate the booster to an ocean impact velocity of 90 ft/s. Runkle and Woodis1 ' report
that the design drag load limit of the SRB drogue parachute is 270,000 lb. It was tested to failure at
a drag load of 548,000 lb that, to the authors' knowledge, is the highest drag load ever developed by
a parachute.

We have also designated as high-performance parachutes those with high pack densities, with long
pack life, or with unusual or severe test environments and/or deployment conditions. The 24-ft-
diameter parachute mentioned earlier is packed to a density of 43 lb/ft' and has an intended pack
shelf life of 25 years. An example of a parachute system designed to operate under severe test and
deployment conditions is a 4-ft-diameter guide surface parachute to recover a 100-Ib, .55-mm artillery
shell.' The parachute is packed in the nose cone ogive of the shell, the projectile is fired from an
artillery gun at an elevation angle of 87 degrees, and the parachute is deployed at apogee altitudep as
high as 70,000 ft by explosively separating the ogive from the shell. The spin rate of the shell is
250 revolutions per second (rps) at parachute deployment. In the gun barrel at launch, the s,,ell
recovery system is subjected to an axial acceleration of 20,000 g, a muzzle velocity of 3000 ft/s, Lid a
spin rate of 300 rps.

Parachutes whose weight is small compared to their size and the drag they produce are considered
to be high-performance parachutes. Most modern parachute applications allocate minimal weight and
volume for the recovery system while requiring high drag efficiency. Designers are forced to build
parachute- whose strength-to-weight ratios have been maximized and whose aerodynamic drag
surpasses that of existing configurations. An example of a high-performance parachute in this
,iltegory is a new 52.5-ft-diameter para(hute l)roposed for the F-111 aircraft Crew Escape Module.' '

It weighs only 30 lb, yet its design load is 8000 lb and it has a drag coefficient of 1.1, oased on the
constructed diameter of the canopy.

Gliding parachutes are legitimate examples of high-performance parachutes; they incorporate
modern mate 'ials and are capable of exceptional lift-to-drag ratios. Development of these systems has
been focused on man-rated al)l)lications, especially in the sport )arachuting field. Gliding parachutes
for sport jumping have been designed in the more traditional manner of cut-and-try because the cost
of this approach is affordable and because designers are eager to fly their new configurations. The
aerodynamics of gliding parachutes is complex, especially in transient maneuvers such as flaring
before landing. Developing computer simulations of these phenomena would cost more than
evuz' tionary development using test results.

Gliding parachutes with guidance and control systems can potentially impact payload recovery
beyond the special field of sport jumping because they provide an op)ortunity to land the payload on
i specified target, not just where the winds carry it. As the need increases for controlled parachute
recovery to a specific landing zone, development of both gliding parachute technology and flight
control technology is expected to increase. This AGARDograph does not include gliding l)arachute
design, however, because the authors expect future advances in this technology to exceed by far the
current knowledge base. When this occurs, a summary of that technology should be prepared.

1.3 Purpose of this AGARDograph

The purpose of this AGARDograph is to provide general state-Af-the-art procedures for the design
and testing of high-performance parachutes. This includes the use of aerodynamic and structural
analysis and application of numerical codes to predict parachute inflation, deceleration forces,
payload and parachute trajectories, and canol)y/suspension line stresses. Design problems such as
paiachute collapse, parachute line sail, )arachute stability, and body-wake interaction are discussed.
The use of nylon, Nomex, Kevlar, Teflon, and other materials is covered. Techniques for the design
and fabrication of prototype l)arachutes and deployment bags are presented, and parachute packing
methods are discussed. A section is included on testing of model parachutes in wind tunnels. Full-scale
testing, using a sled track or aircraft drop or rocket boost to deploy the parachute at the desired Mach
number and altitude, and descriptions of onboard and ground-based instrumentation are outlined.
Example parachute designs are given for differing system requirements of payload weight, deploy-
ment Mach number and dynamic pressure, parachute weight/volume, etc.

Other references F.mould be used with this one to design high-performance parachutes. Cockrell's
AGARDograph" on he aerodynamics of parachutes is recommended as a reference in the funda-
mnentals of parachute aerodynamics. This work extends his contributions to the aerodynamic
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concepts, analyses, and numerical codes unique to the design of high-performance parachutes. Useful
experience, analytical techniques, and semiempirical design methods are contained in the Recovery
S .-stems Design Guide.17 Knacke' 8 has recently published a comprehensive parachute design manual
t!,at the authors used as a primary reference resource. Design problems onique to high-performance
,arachutes are treated in greater detail in this work. Eleven AIAA Aerodynamic Decelerator

Conferences' 9 have been held in the United States since 1966. Four workshops in parachute
technology1 2-1 2 have been conducted since 1982. The USAF' and The Royal Aeronautical
Societv 1 

25 sponsored parachute symposiums in 1964 and 1971, respectively. Peterson 26 gives an
overview of high-oerformance parachutes. The parochute R&D reported in these conferences, the
extensive pafachute material in the open literature, and the parachute design material furnished by
the NATO scientific community form the background material for this AGARDograph.
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CHAPTER 2

HISTORICAL REVIEW

2.1 Evolution of high-performance parachutes

Parachutes have been known in China for two thousand years. Leonardo da Vinci made sketches
of parachutes in the fifteenth century, and people began to use them in flight three centuries later.
Brief reviews of those early days of parachute development are given by Cockrell,1 " Knacke, 8 and in
the USAF 19781 7 and 19632 1 Parachute Design Guides. Not until the middle of the twentieth century
did the progenitors ,)f what we would call "high-performance" parachutes begin to appear.

A major milestone in the development of high-performance parachutes was the invention of the
FIST ribbon parachute* by Messrs. Madelung, Isermann, Knacke, and Keller in 1938.2 2 '1 Knacke2 1

indicated that in 1933 the Flugtechnisches Institut der Technischen Hochschule Stuttgart (FIST)
began theoretical and experimental investigations to determine the most suitable method of
decelerating aircraft in flight (and in landing) with parachutes. Conventional solid flat parachutes
were tested initially; but these parachutes oscillated so violently as to render the aircraft uncontrol-
lable. These test results stimulated the FIST to begin development of nonoscillating parachutes with
the following characteristics:

• Reliable and controllable inflation
• High drag
* Low opening shock
• Stability
" Simple design and construction
* Simple maintenance

According to Knacke, initial tests showed that a higher porosity canopy resulted in increased
stability and decreased drag. FIST tested vented canopies, rin.'slot canopies, highly porous fabric
canopies, and mattice-fabrir canopies before finally arriving at the FIST ribbon design that satisfied
their criteria. Knacke2 ' provided detailed ribbon parach.ite design guidance in 1948, including the use
of pocket bands as inflation aids and selvage ribbons to increase ribbon drag and strength. The pocket
bands and selvage ribbons were developed in Germany in the early 1940s.

Much of the pioneering work in ribbon parachute development and application took place in
Germany in the 1940s. In 1943, Knacke developed a quick-opening (0.45 s) unreefed 18-ft-diameter
ribbon parachute 2 to decelerate an 1 100-lb bomb after an aircraft release at an altitude of 3,10 ft and
a Mach number of 0.67. No failures of this parachute occurred (luring 50 ballistic development drop
tests at aircraft release Mach numbers up to 0.77. A total of 900 of these bombs were used in this
project "Liesele," with no reports of parachute failures. Ribbon parachutes were a!so used in 1944 to
recover V-1 and V-2 guided missiles and their components.

lKnacke2 '6 designed an 8.3.ft-diameter flat ribbon parachute to stabilize the 980-1b XS-2 Crew
Escape Module in the late 1940s. After reaching terminal velocity and an altitude of less than
10,000 ft above the ground, the pilot was to bail out manually from the nose section using a standard
28-ft-diameter l)ersonnel parachute. Knacke conducted 3/8-scale wind tunnel and aircraft drop tests
of the XS-2 parachute behind the aircraft to verify the design. The full.scale parachute was
successfully tested up to a deployment Mach number of 1.3 at the Edwards AFB High-Speed Track.
An uncontrollable flight condition developed during an XS-2 high-sieev,, high-altitude flight in 1953;
a violent pitch-up occurred to the Crew Escape Module as it separated from the aircraft, but the Crew
Module stabilized after parachute deployment near Mach 3.

A second milestone in the development of high-performance parachutes was the invention in 1941
of the guide surface parachute by Dr. Helmut Heinrich.2 ' The guide surface parachute was first used
in Germany in 1943 for trajectory control of finless bombs and torpedoes because of its excellent
stability characteristics. Sandia National Laboratories has used the guide surface parachute since
1954 as a pilot parachute to deploy the main ribbon canopy and for recovery of rocket payloads,
artillery shells, and reentry vehicles.

The U.S. Air Force at Wright-Patterson AFB initiated a program in 1950 with Cook Research
Laboratories (CRL) to develop supersonic parachutes for the recovery of missileb and drones.2 s They

• The various types of parachutes are discussed in Chapter 3.
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conducted 115 sled tests at Edwards AFB of small (28 ft 2) guide surface, flat ribbon, and rotafoil
parachutes at deployment Mach numbers up to Mach 0.66. Engstrom 9 subsequently flight-tested
several small ribbon and guide surface parachutes at altitudes between 15,000 ft and 96,000 ft and
deployment Mach numbers from 0.38 to 2.38. Parachute operation at high Mach numbers was
unreliable; the canopies did not inflate fully, violent canopy dynamics were noted, and considerable
parachute damage occurred.

CRL combined theoretical studies with wind tunnel, high-speed sled, and free-flight, rocket-
boosted tests to develop the hemisflo and hyperflo parachutes. Pederson2 

111 conducted sled tests at
Holloman AFB, New Mexico, at Mach numbers of 1.0 to 1 5 of small (2.0- to 8.44-ft-diameter) guide
surface, conical ribbon, hemisflo, and hyperflo parachutes. These sled tests, conducted at infinite
mass test conditions, demonstrated successful operation of the parachutes at dynamic pressures up to
3000 lb/ft2 , a major advance in high-performance parachutes. Pepper' "". " successfully tested a
2-ft-diameter hyperflo parachute with a composite structure (nylon coated with a silicon-glass-fiber
cloth heat shield and RTV silicone rubber for ablative protection) at a Mach number of 4 and an
altitude of 114,000 ft. Despite these successes, hyperflo parachutes have not been widely used in
system applications.

In 1952, Lockheed Aircraft Corporation2 ' designed a parachute system to recover a 2700-lb ramjet
test vehicle from an altitude of 22,000 ft at Mach 2.5 The system consisted of a 67-in.-diameter
first-stage ribbon parachute and a 29-ft-diameter second-stage reefed ribbon parachute. The
first-stage parachute was successfully deployed at a dynamic pressure of 2960 lb/ft" (M = 2.4 at an
altitude of 22,500 ft).

Sandia and the Retardation and Recovery Branch at Wright-Patterson AFB initiated a joint
"Low-Level Delivery" flight test program in 1954 to demonstrate the feasibility of reliably and
repeatedly deploying a parachute from gravity bombs released from an aircraft flying at very low
altitudes at transonic speeds.21 Thirty-three aircraft (B-47 and F-7U) drop tests were made to deploy
reefed 16-, 20-, 24-, 28-, and ,10-ft-diameter, heavy-duty ribbon parachutes at Mach numbers of 0.6 to
1.0 at low altitudes using an instrumented recoverable parachute test vehicle. The test vehicle weight
was varied from 1750 to 2600 lb. By 1956, these tests had demonstrated that rbbon parachutes could
provide the necessary deceteration to prove the feasibility of low-altitude delivery of gravity bombs
(including laydown on the ground).

2 
12

Flight-testing techniques and instrumentation technology were improved to provide tihe data
needed to develop these ribbon parachutes. Parachute tests were conducted at the DOE/Sandia
ballistic ranges at Salton Sea 'Pest Range in California and Tonopah Test Range, Nevada. The test
vehicles were tracked with radar and cinetheodolites to obtain metric (space position) data for
deriving velocity and acceleration data. Range tracking telescopes provided documentary film
coverage of parachute opening and performance. Range receiving stations recorded telemetry signal
from the vehicle onboard accelerometers and other instrumentation. Onboard cameras (operating at
96 and 200 frames per second) provided photo coverage of the parachute deployment and inflation.
These measurements provided a quantitative assessment of the parathute performance for each test.

Sandia conducted supersonic deployments in early 1959 of a 20-ft-diameter reefed conical ribbon
parachute- 1' -,2 1 using a rocket-boosted parachute test vehicle to demonstrate repeatable and reliable
parachute operation at high dynamic pressures. Three tests were conducted at parachute deployment
Mach numbers of 1.45 to 1.57 and dynamic pressures up to 2840 lb/ft'. Onboard cameras showed an
orderly deployment and parachute opening, and the parachutes were not damaged. The maximum
measured deceleration of the 1130-lb test vehicle (luring the reefed first-stage parachute opening was
119 g.

The U.S. Air Force ind Sandia have designed many heavy-duty, high-performance parachutes for
weapon systems (luring the last 30 years. Sandia has designed over 200 parachute systems up to
130 ft in diameter for payloads up to 50,000 lb since 195,4. Over 4000 development and reliability
verification flight tests (using sled tracks, rocket boosters, or aircraft) of full-sca!e parachute systems
have been conducted to (late by Sandia" 1 2,, at deployment speeds up to Mach 2.8.

2.2 Major contributors to high-performance parachute technology

Many engineers, scientists, and technicians have contributed to the literature on the design and
testing of high-performance parachutes. A few have made exceptional, lifelong contributions to
parachute technology development, as evidenced by their inventions, their technical papers and
reports, their successful designs and applications of high-performance parachute systems, the impact
of their teaching on other parachute designers, and their service to the parachute technical community
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in organizing conferences and serving on committees. The following individuals have led their
colleagues in both parachute technology advancement and its applicrtion.

2.2.1 Professor Helmut G. Heinrich

Helmut G. Heinrich was born in Berlin, on August 5,1910. He recei' ed a Dr. Ing. in Aeronautical
Engineering from the Technische Hochschule, Stuttgart. Germaily, in 1943. From 1935 to 1946 he was
employed first as a project, engineer and later as Head of the Department of Aerodynamics at the
Research Institute Graf Zeppelin, in Stuttgart; he was also on the faculty of the Technische
Hochschule. He developed and patented the guide surface parachute in 1941. In 1946 he came to the
United States as a Technical Advisor to the Parachute Branch Equipment Laboratory of the Wright
Air Development Center at Wright-Patterson AFB in Dayton, I'hio. From 1951 until his death, he was
Professor of Aerospace Engineering and Mechanics at the Uizversity of Minnesota.

"Doc" Heinrich was best known for his research on the theory and experiment of the aerodynamics
of decelerators. This research led to new decelerator designs, including the ribbed guide surface
parachute, the supersonic guide surface parachute, and a guide surface rotor. He also designed the
"omega sensor," a device iied to measure stress in flexible parachutes. For the Gemini space program,
he developed the Parasail parachute system; and his patented guide surface parachutes were used on
two unmanned Viking Mars space probes and the Venus probe. He was awarded 10 U.S. patents and
numerous patents in foreign countries. He published dozens of archival journal papers and many more
Air Force and University of Minnesota reports on parachutes. At the University of Minnesota and
elsewhere, he organized and helped teach several parachute short courses.

Doc was elected a Fellow of the American Institute of Aeronautics and Astronautics (AIAA) and
Fellow of the Royal Aeronautical Society of Great Britain. He received the Thurman H. Bane Award
from th,, Institute of Aeronautical Sciences, the Aeronaut Leo Stevens Memorial Medal from the
Wings of America Club, a citation for a Special Act of Service from the U.S. Air Force in 1956, and the
Out anding Teaching Award in 1972. He was continuously engaged in research at the University of
Minnesota, whert he trained hundreds of undergraduate and graduate students in analytical methods
and experimental techniques.

Doc died on March 7, 1979, in Houston, Texas, one clay after receiving the
AIAA's first "Aerodynamic Decelerator and Balloon Technology Award." His
citation reads:

For forty years ol continaous involvemnta with, and significant
contributions to, the scienc" and technology of aerodynamic
deceleration systems, and for teaching by doing and doing by
teaching.

2.2.2 Donald W. Johnsor

Don was recently awarded the 1991 AIAA "'Aerodynainic Decelerator Systems
Award." The citation reads:

For comprehensive and sustained contributions to parachute tech-
nology in the areas of ribbon parachute development, rocket
recovery, and the applications of Kevlar to high-perforniance
parachute design.

Don was born in Bloomington, Illinois. After serving in the U.S. Air Force, he graduated from
Purdue University in 1957 with a B.S. in Aeronautical Engineering. He was elected to Sigma Gamma
Tau and Tau Beta Pi honorary engineering fraternities. In 1957 he joined Sandia Corporation (now
Sandia National Laboratories) as a Member of Technical Staff and was promoted to Distinguished
Member of Technical Staff in 1985.
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In the late 1950s, Don designed and successfully flight-tested a 130-ft-diameter ribbon parachute,
the largest ribbon parachuite ever fabricated until the recovery parachutes for the Space Shuttle Solid
Rocket Boosters (SRBs) were developed in the 1970s. In the 1960s, he developed a 76-ft-diameter
ribbon parachute for an 8500-lb store and a 69-ft-diameter ribbon parachute for the B-58 aircraft pod
store, both parachutes capable of deployment at transonic velocities. Don worked with the USAF to
develop a 22.2-ft-diameter (temporarily reefed) ribbon parachute capable of deployment at Mach 1.2
at low altitude for the laydown delivery of a 2100-lb store. He developed a family of parachute
recovery systems (including flotation gear for overwater recovery) for sounding rocket payloads. These
systems used payload center-of-gravity control to force the payload into a flat spin from reentry
speeds as high as Mach 10; the resulting high drag allowed subsonic deployment of the parachute.
These 6- to 24-ft-diameter parachutes have been used to recover over 200 rocket payloads since 1963.
This same flat spin technique was adopted by NASA to decelerate the SRBs after reentry to subsonic
speeds before parachute deployment.

In the 1970s, Don developed a 13-ft-diameter lifting ribbon parachute for deployment at 300 to
800 knots at low altitude for a 2400-lb store. In the 1980s he developed a 46.3-ft-diameter ribbon
parachute for a 2465-lb store (for transonic, low-altitude deployment), and he developed drawings and
specifications for the production fabrication and packing of heavy-duty parachutes for four stores He
also developed a new recovery system for the F-111 aircraft Crew Escape Module.

Don has presented 10 papers, published 5 journal articles, and published 20 Sandia reports. He has
been awarded patents for "an all-radial construction ribbon parachute" and for "a method of
simultaneously disreefing a parachute cluster." He is an Associate Fellow and 35-year member of
AIAA. He is serving his second appointment on the AIAA Aerodynamic Decelerator Systems
Technical Committee and was Technical Committee chairman fot 1990 and 1991. Don was Technical
Co-chairman of the 1989 Aerodynamic Decelerator Systems Technology Conference. He taught
courses in parachute technology in Albuquerque, New Mexico, in 1985 and Munich, Gc ,any, in 1987.

Don was a co-recipient of the U.S. Department of Energy, Division of Military Application "Award
of Excellence" in 1987. The citation reads:

For significant contribution to the nuclear weapons program
development of high-performance parachutes for nuclear weapons.

2.2.3 Theodore W. Knacke

The citation for Theo's 1981 AIAA "Aerodynamic Decelerator and Balloon
Technology Award" reads:

I For the introduction of modern technology and sound engineering
principles to the former art of parachute design, thereby enabling
aircraft, ordnance, spacecraft, and other advanced system design-
ers to successfully use parachutes to satisfy system requirements

Theodore W. Knacke was born in Zirtow, Germany, on December 20, 1910. He received B.S.
degrees in both Civil and Aeronautical Engineering in 1934, and his M.S. in Aeronautical Engineering
in 1940 from the Engineering College, Strelitz, Germany. From 1934 to 1946, he conducted parachute
recovery system R&D at the Aeronautical Institute Graf Zeppelin, Stuttgart-Ruit (FGZ) and its
predecessor (FIST), first as a group engineer and later as Chief of the Aeromechanical Department.
In 1938 he co-invented the ribbon parachute. He worked for the Parachute Branch Equipm-nt
Laboratory at the Wright Air Development Center, Wright-Patterson AFB, from 1946 to 1952, and he
designed the landing deceleration parachute systems for the B-47, B-51, and B-52 aircraft. Co-author
of the first USAF Parachute Handbook, he developed the ringslot parachute and started an extensive
supersonic parachute research program.

Theo was Technical Director of the U.S. Air Force 6511 t h Test Group (Parachutes), El Centro,
California, from 1952 to 1957. From 1957 to 1962, he was Vice President of Engineering at Space
Recovery Systems, Inc., El Segundo, California, where he guided the development of recovery systems
for the U.S. Army SD-5 Drone, the B-70 encapsulated seat, and the U.S. Air Force HETS reentry
vehicle. From 1962 to 1975, he was with the Northrop Corporation, Ventura Division, Newberry Park,
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California, first as Chief, Technical Staff, Recovery Systems and later as engineering representative
in Dayton, Ohio. The Apollo and Gemini manned landing recovery systems were developed under his
direction. Since retiring from Northrop, he has been a consultant for the U.S. Army, Navy, Air Force,
and private industry.

Theo was awarded 10 parachute patents in Germany and the U.S. between 1937 and 1961; his
patents on ribbon parachutes, reefing, and pocket bands were major contributions to the successful
design of high-performance parachutes. He lectured extensively from 1955 to 1987 at specia!
parachute short courses conducted at universities and research agencies. He has made many
presentations and has published 33 reports and papers on parachutes. In 1967-68 he was Cha'rman of
the AIAA Aerodynamic Decelerator Committee, and he was elected an AIAA Fellow in 1982.

2.2.4 William B. Pepper Jr.

Bill recoived the 1986 AIAA "Decelerator and Balloon Technology Award." The
citation for this award reads:

In recegnition of twenty-seven years of major contributions to
parachute technology and design in the areas of weapon parachute
systems, reentry vehicle ana scientific payload recovery, and
Kevlar parachute technology.

Born in Montrose, Colorado, Witliam B. Pepper received a B.S. in Aeronautical Engineering from
the University of Minnesota in 1946 and an M.S. in Aeronautical Engineering from the University of
Colorado in 19,17. lie conducted aeronautical research and development at the NACA/NASA-Langley
Station, Pilotless Aircraft Division, from !9,17 to 1953. This work consisted of parametric studies of
aircraft wing and engine nacelle configurations. He used rocket-launched vehicles for aerodynamics
flight research.

Bill joined Sandia Corporation (now Sandia National Laboratories) in 1953 and worked until 1958
on bomb and missile aeroballistics. fie conducted parachute R&D studies and designed parachutes
trom 1958 until his retirement from Sandia in 1985, and since then lie has been a consultant to
indust ry.

In the 1960s, Bill worked with the U.S. Air Force in the design and testing of heavy-duty
parachutes for five stores, lie developed parachutes for test vehicles used in the atmospheric test
readiness program and developed a reefed 20-ft-dianmeter ril)bon parachute that was flight-tested
successfully at Mach 2.42 (at a dynamic p. ,ssure of 5700 lb/ft"). Bill also developed a l)arachute
recovery system for a spinning (200 rps) 155-in artillery shell. In the 1970s, he developed parachute
recox cry systems for high-beta reentry vehicles, pioneered the use of Kevlar ribbons and suspension
lines in ribbon )arachutes, and developed a Kevlar/nylon 24-ft-diameter ribbon )arachute for
transonic deployment of a store. In the 1980s, Bill studied iparachute/store ballistic dispersion,
conducted supersonic parachute research, and developed an underwater parachute system for an
ocean-bottoni piston corer.

Bill has presented 19 papers, published 18 AIAA articles, and published 91 NACA and Sandia
reports. ie was issued one )atent on parachutes. An Associate Fellow of AIAA, he was a charter
member of the first AIAA Aerodnamic Decelerator Technical Committee. He was General Chairman
of the 2nd AIAA Aerodynamic Decelerator Conference.
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CHAPTER 3

DESCRIPTION OF HIGH-PERFORMANCE,
DEPLOYABLE AERODYNAMIC DECELERATORS

3.1 Retardation system basics

This chapter describes configurations of various high-performance decelerators, subject to the
definition of "high performance" as used in this AGARDograph. It draws heavily on Chapter 2 of
Reference 1.7 for the basics of retardation systems, and it extends these precepts to modern
developments in high-performance parachutes. The descriptions of configurations are accompanied
by limited aerodynamic performance data to permit comparisons of decelerator types so that the
designer's initial choice of decelerator type may be closest to meeting system performance require-
ments. The designs discussed in the following sections represent those that have been extensively used
in operational recovery systems or that have shown potential for future application for high-
performance systems.

A retardation system consists of components that function together to control deceleration and to
stabilize the payload in flight. The system also provides controlled descent and flight termination
functions for the payload. The basic component of a retardation system is the deployable aerodynamic
decelerator, which transfers the momentum of the moving payload (or forebody) to the atmosphere by
acceleration of the ambient air. Other components of the system may provide the method of deploying
the decelerator, control of forces, support for the suspended body, landing impact attenuation, and,
in some cases, automatic detachment of the decelerator when its function is completed.

The decelerator's aerodynamic lift, drag, and stability determine its operational characteristics.
Lift, the aerodynamic force perpendicular to the flight path, may be incorporated into a decelerator
to provide divergence from a ballistic path, a longer downtime, a decreased impact velocity, or glide
to a target. Drag, the aerodynamic force aligned with the flight path, is usually the decelerator's
primary reason for being. Aerodynamic stability is important in determining dispersion and impact
conditions. Each of these aerodynamic characteristics may be adjusted by careful design of the
parachute geometry.

A modern decelerator must be efficient in terms of weight and packed volume. It must be flexible
so that it can be stored in a relatively dense package before use. Also important is the decelerator's
capability of being deployed from this stowed position and of rapidly inflating to develop the required
transient aerodynamic force/time impulse. The design and fabrication of the deployment bag (with
tie appropriate breakable line and canopy ties, bag liner, and cut knives) are just as important as the
design and fabrication of the decelerator in achieving reliable, repeatable performan1ce. Deployment
and opening force characteristics of a decelerator significantly affect not only the weight ard packed
volume of the decelerator, but also the integrity of the structure and contents of the object being
recovered.

Before discussing specific high-performance decelerator configurations in detail, we must identify
their principal parts and define the parameters and nomenclature used to measure their performance.
Figure 3.t illustrates the basic features of a high-performance decelerator. Most decelerators are
symmetric about the system axis, which passes through the center of the canopy and the confluence
point of the suspension lines. Lifting parachutes are symmetric about a plane through the system axis.
Rotating parachutes have consistent asymmetries in each gore to generate spin about the system axis.

The canopy is the cloth surface that inflates to a developed aerodynamic shape to provide the lift,
drag, and stability needed to meet performance requirements. The canopy's inflated shape (and
therefore its aerodynamic characteristics) can be varied by modifying canopy design parameters.
Specific parachute types were developed ti. optimize specific aerodynamic performance characteris-
tics. It is the geometry of the canopy that distinguishes one parachute type from another.

Suspension lines transmit the retarding force from the canopy to the payload, either directly or
through risers attached below the convergence point of the suspension lines to the body. The point of
convergence of all suspension lines of a parachute is called the confluence point. The distance from the
canopy skirt to the confluence point is the effective suspension line length .

The portion extending below the major diameter of the inflated canopy shape to the leading edge
of the canopy is the skirt. The crown is the region of the canopy above the major diameter of the
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Suspension lines

Confluence point R
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Figure 3.1. Principal components of a parachute (taken from Ref. 1.7)

inflated shape. Other parts of a parachute aie also identified in Figure 3.1. The small circular opening
at the center of the crown is called the vent, which serves to simplify fabrication and provides
flowthrough relief for the initial surge of air when it impacts the canopy at the start of inflation. The
choice of the local porosity distribution in the vent and the upper crown is critical in the design of
ribbon parachutes for deployment at high dynamic pressures and supersonic speeds because vent
porosity can play a major role in determining both inflation time and structural loads.

The apex is the center of the canopy. Vent lines (Figure 3.2) are canopy elements that are fixed
to oplosed points on the vent hem (also called the vent band or vent reinforcement) and that cross
the vent through the apex, providing structural continuity across the canopy to each suspension line.
Many modern high-performance ribbon parachutes are designed using continuous radials across the
vent. In a continuous radial parachute, one continuous webbing is used to form the suspension lines
and radials on one side of the canopy, the vent line, and the radial and suspension line on the other
side of the canopy.

All of the high-performance decelerator canopies discussed herein are formed from 0,, even
number of gores bounded on each side by a radiai seam, on the top edge by the vent band, and on the
bottom edge by the skirt hem (also called the skirt band or s,-irt reinforcement). The gore length is
measured along the center of the gore from the vent band to the skirt band. The simplest gore shape
is triangular with a linear variation -' -e width between the vent band and the skirt band. Some
parachutes use shaped gores to optin. .todynamic characteristics and minimize material stresses.

For flat circular canopies with Ng gores, each gore has a vertex angle [ of 360/N, degrees. A conical
parachute has the uninflated canopy shape of either an Ng-sided pyramid or a cone, depending on
construction details; its base cone angle is p (Figure 3.3). Other parachute types use variations of the
basic triangular gore to gain improved stability, A biconical canopy has a cone angle u, beginning at
the apex of the parachute, but the cone angle is changed to 1 2 beginning at an arbitrary location
between the vent and skirt reinforcements. The biconical construction (and the triconical canopy
construction, which uses three cone angles in each gore) reduces the stresses at midcrown of the
canopy.
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Figure 3.2. All-radial construction of a continuous ribbon parachute
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Figure 3.3. Constructed profile of a conical canopy
(taken from Ref. 1.7)
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Parachute engineers use two different methods for defining the size of a parachute. One approach
defines a nominal area and nominal diameter of the parachute. Nominal area So is the actual
three-dimensional canopy constructed surface area. For most canopy designs, S. is computed as the
sum of the gore areas inclusive of vent area, slots, and other openings within the gore outline. Areas
of surfaces such as ribs, flares, panels, or additional fullness to the cloth are also included. Nominal
diameter Do is the diameter of a circle whose area is So.

A second reference dimension of parachutes is the constructed diameter D c.Dc is the diameter of
the parachute (measured along the radial seam) when projected on a planar surface. For all flat
circular and conical parachutes, D, is the actual "as-built" diameter of the canopy; whereas nominal
diameter is a hypothetical effective diameter, D, is an actual dimension of the parachute. Except for
flat circular parachutes, D, differs from D.. The constructe1 area S, is the area of a circle whose
diameter is D,.

Aerodynamic forces change the shape of the canopy from its constructed configuration to a
concave scalloped contour when it fills to its inflated shape. To characterize the dimensions of the
inflated decelerator in constant-velocity flight requires projecting the area of the infleted canopy onto
the plane of the skirt reinforcement. This measured projected area is Sp. Projected diameter Dp is
defined as the diameter of a circle whose area is Sp. Figure 3.4 defines other characteristic dimensions
of the inflated canopy. Other parachute and gore layout dimensions from Reference 1.7 are given for
completeness in several figures even though the dimensions are not discussed in the text.

D,

Constructed profile

DI)

(II I,

3600 ,,-:.. .N " ..,:/ ; • •\, hp

Vertical tape Inflated pro'ile

Radial tape hI,

Horizontal ribbon e/
Gore layout

Figure 3.4. Flat circular ribbon parachute (taken from Ref. 1.7)
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3.2 High-performance decelerator configurations

Most of the shape factors, general aerodynamic characteristics, and applications of high-
performance decelerators listed in Table 3.1 are taken from Reference 1.7. Numerical values for
inflated shape factor Dp/D o and the unreefed aerodynamic drag coefficient CDo* represent a range of
values influenced by geometric factors and fluid dynamic parameters such as:

. Canopy size • Number of gores
• Canopy porosity • Material type, strength, and porosity
• Suspension line length * Air density
. Mach number ° Dynamic pressure, q
• Forebody shape and size * dq/dt

Applications of specific high-performance decelerators are noted in Table 3.1. The term "drogue
parachute" refers to an initial-stage decelerator whose purpose is to decelerate the payload from its
initial flight speed and orientation with respect to the oncoming air. A pilot parachute, typically a
guide surface or a ribbon canopy, is commonly used to extract the deployment bag containing the main
canopy from the payload. Other high-performance decelerators provide cargo extraction, payload
stabilization, payload trajectory modification, and terminal descent functions such as providing a
specified impact velocity and impact angle.

Table 3.1. High-Performance Decelerator Characteristics

Constructed Inflated
Shape Shape Average Angle General

Type D,/Do Dp/D,, CDo of Oscillation Application

Parachutes

1. Flat circular 1.0 0.67 0.45 to 0.50 0 to ±30 Pilot, drogue,
ribbon deceleration,

descent

2. Conical ribbon 0.95 to 0.97 0.70 0.50 to 0.55 0 to ± 30 Pilot, drogue,
deceleration,
descent

3. Lifting conical -0.95 -0.70 0.55 to 0.65 Lateral Lifting stores
ribbon instability (L/D-0.7)

4. Hemisflo 0.62 0.62 0.30 to 0.46 ±20 Supersonic
ribbon drogue

5. Ringslot 1.0 0.67 to 0.70 0.56 to 0.65 0 to ± 50 Extraction,
deceleration,
descent

6. Ringslot/solid 0.97 0.65 to 0.68 0.85 to 0.95 ± 180 to ± 220 Deceleration,
canopy descent

7. Ringsail 1.16 0.69 0.75 to 0.90 ± 50 to ± 100 Descent

8. Disk-gap-band 0.73 0.65 0.52 to 0.58 ± 100 to ± 150 Supersonic
drogue,
descent

9. Guide surface 0.63 0.62 0.28 to 0.42 0 to ± 2' Stabilization,
(ribbed) pilot, drogue,

descent

10. Guide surface 0.66 0.63 0.30 to 0.34 0 to ±30 Pilot, drogue,
(ribless) descent

11. Rotafoil 1.05 0.90 0.85 to 0.99 0 to ±20 Drogue

12. Vortex ring 1.90 N/A 1.5 to 1.8 0 to ±20 Descent

Other

1. Ballute 0.51 0.51 0.51 to 1.20 _ 10 Stabilization,
supersonic
drogue

• Based on nominal canopy area, S0



16
3.2.1 Parachutes

All high-performance decelerators are parachutes except for the inflatable ballute. Type desig-
nations of parachutes relate generally to the profile of the canopy, its planform, or other characteristic
features. While many parachutes are constructed with solid textile canopies, most high-performance
parachutes incorporate slotted textile configurations to relieve stresses at high deployment ve!ocities.
These configurations are based on the flat circular ribbon parachute but include design features to
extend their performance to meet more stringent system requirements. The sections that follow
describe successful high-performance parachute configurations in greater detail and provide recent
examples. More detailed aerodynamic information on these parachutes is contained in Chapters 4
and 5.

3.2.1.1 Flat circular ribbon parachutes

Figure 3.4, taken from Reference 1.7, shows the constructed geometry and inflated profile of the
flat circular ribbon parachute. The canopy lies in a flat plane and consists of ribbons (also called
horizontals) separated by open spaces. Most of the drag is generated by the pressure differential
across the ribbons; these forces are transmitted to the radials and down the suspension lines to the
payload.

The gore layout in Figure 3.4 is for a cut-gore canopy construction in which each gore is built
separately from other gores. Gores are then sewn together along the radial tapes. The resulting c nopy
geometry is a regular polygon of Ng sides. Horizontal ribbons are straight segments that are parallel
to each other and that intersect the radials at an angle of 90 - (360/2Ng) degrees. Horizontal ribbons
are supported by small tapes called verticals, which are oriented perpendicular to the horizontals. The
primary purposes of the verticals are to control the spacing (gap size) between horizontals and to
minimize ribbon camber and twist during inflation and descent. Without verticals, gap sizes and
ribbon twist may increase until the local canopy porosity becomes high enough to prevent complete
inflation of the parachute. The spacing between horizontal ribbons and verticals is selected to provide
the porosity (the ratio of open space in the canopy to total canopy area) needed to obtain repeatable
inflation times and manageable loads.

The higher porosity of the flat circular ribbon parachute causes it to have lower drag, better
stability, longer inflation times, and lower inflation loads than the flat solid cloth circular parachute.
Reference 1.7 gives detailed comparisons of aerodynamic characteristics. An example is the
44-ft-diameter flat circular ribbon landing/braking parachute for the B-52.1 7 Another successful
application is the 8.3-ft-diameter deceleration and stabilization parachute for the XS-2 aircraft
ejectable nose section for crew escape.2 6

3.2.1.2 Conical ribbon parachutes

Because the conical ribbon parachute exhibits -l0% higher drag than the flat circular ribbon
parachute without sacrificing stability, conical ribbon parachutes have superseded flat ribbon
parachutes for most high-performance applications. Figure 3.5 shows the construction of a cut-gore
conical ribbon parachute.' 7 The canopy is constructed as the surface of a regular pyramid of Ng sides
and base angle u by joining gores having a vertex angle (0 less than 3 60/N. degrees. Other design
features aie the same as for a flat circular ribbon canopy.

Several design modifications have been made to the conical ribbon canopy over the past 30 years
to improve its reliability and performance. One such modification was the introduction of a new
method for constructing conical ribbon paraci.utes to obtain higher ratios of parachute strength to
weight than could be achieved from cut-gore constructions. This new method is called continuous
ribbon construction. Instead of constructing gores separately and sewing them together, a single piece
of material is used to form each ribbon in the canopy. Each ribbon passes from one gore to the next,
continuing around the entire canopy with only one splice per ribbon instead of 2Ng splices. Since
cutting and sewing the ribbon material makes it weaker than the original uncut ribbons, the
continuous ribbon parachute is inherently stronger than the cut-gore parachute. Because the canopy
is constructed as a whole rather than on a gore-by-gore basis, construction complexity, fabrication
time, and costs are greater for a continuous ribbon parachute.

Another modification to the conical ribbon parachute involved the use of a single length of
webbing to form four suspension lines. When laid on the table, the webbing assumes a "figure-eight"
shape as it forms the radials and suspension lines of one gore, then passes continuously across the vent
to lorm the radials and suspension lines of the oppusing gore. Only one suspension line splice is used
for every four suspension lines, instead of one splice for each suspension line. Like the continuous
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Figure 3.5. Conical ribl)on parachute (taken from Ref. 1.7)

ribbon construction, the figure-eight suspension line design increases parachute stiength while
decreasing parachute weight and volume.

An example of a conical ribbon parachute that uses these design features is described by Maydew
and Johnson."' The l)arachute is a 22.2-ft-diameter conical ribbon configuration for decelerating a
2100-lb store, The typical gore construction is shown in Figure 3.6. The parachute is composed of 32
gores and 32 suspension lines with a 20-degree conical shape. The calculated geometric porosity of the
canopy is 23',. The entire parachute, iicluding suspension lines, is fabricated of nylon materials
except for the fiberglass cutter pocket li ring.

The gores are composed of 46 equal'y spaced, continuous horizontal ribbons. Ribbon 1, which is
closest to the apex and is called the ve,,t band, consists of two plies of 1.75-in.-wide, 10,000-lb nylon
webbing. Horizontal ribbons 2 th,.ough 13 are constructed of 2-in-wide, 3000-1) breaking-strength
nylon webbing. lorizontal ribbons 14 through 26 are constructed of 2-in.-wide, 2200-lb nylon
webbing, and horizontal ribbons 27 through 45 are constructed of 2-in.-wide, 1000-lb nylon webbing.
Horizontal ribbons 14 and 27 are reinforced with one ply of 0.75-in.-wide, 3000-lb nylon webbing. The
skirt band (ribbon 46) is made of one ply of 1.75-in.-wide, 10,000-lb nylon webbing. The ends of the
continuous horizontal ribbons are joined at the radials using 3-cord nylon thread in a 4-point
cross-stitch pattern. The radial on which the joint (called a "lap") is placed varies with ribbon number;
on this canopy, the laps form spirals around the canopy. All horizontal ribbons are held in place by
0.56-in.-wide, 500-lb vertical tapes. One tape lies over the horizontal ribbons and one tape lies
underneath.
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Vent reinforcement, 2 plies,
10,000-lb webbing

Horizontal ribbons
2 through 13, 3000 lb

Horizontal ribbon Suspension line

0.94 in.
nominal spacing Band-reinforcing,

2.00 in. 3000-lb webbing,

nominal slot length ribbon 14

Typical canopy construction Horizontal ribbons

14 through 26, 2200 lb

Band-reinforcing,
3000-lb webbing,/--ribbon 27

Horizontal
ribbons 27 through 45,-- 1000 lb

Vertical ribbons,
2 plies, 500 lb

Skirt band
10,000-lb webbing
for ribbon 46

Pocket band -- '- Suspension lines
9000-lb webbing

Figure 3.6. Typical gore construction for 22.2-ft-diameter, 20-degree conical ribbon parachute

Pocket bands are used on the canopy to provide a more rapid, symmetrical, and repeatable
inflation by generating radial outward forces at the skirt. On this parachute, a pocket band
constructed of 3600-lb nylon webbing, 1.72 in. wide, is positioned on the skirt band at each suspension
line, except at lines 1 and 17. At these two positions is a reefing line cutter pocket fabricated of nylon
cloth lined with fiberglass material.

Suspension lines are fabricated of slotted nylon webbing 1.13 in. wide with 9000-lb breaking
strength. Each suspension line begins with an attachment loop -24 ft from the skirt and continues
over the canopy, terminating in a loop -24 ft from the opposite skirt. One length of webbing forms
four suspension lines, and all suspension lines are spliced in the vent area. Two attachment loops (four
suspension lines) are brought together to form a line group. Each line group is covered with a
protective sleeve of nylon cloth.

Reefing is used in this parachute to decrease the initial opening-shock load on the canopy to allow
incorporatins lighter materials into the parachute design. A canopy skirt reefing line, 19.25 ft long and
fabricated trom 1-in.-wide, 9000-lb nylon webbing, is used to restrict temporarily the opening of the
canopy ,o an effective diameter of - 14 ft. The reefing line's cutter powder train is initiated with a
lanyard at parachute line stretch; the reefing line is severed 0.5 s later. A chrome-plated steel reefing
line ring is incorporated underneath the canopy skirt at each suspension line, except at positions
where a reefing line cutter is present. These rings are held in place with a 6.75-in. length of
1 75-in.-wide, 6500-lb nylon webbing stitched to the skirt.
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Maydew and Johnson3  conducted 29 aircraft and rocket-boosted tests to deploy this
22.2-ft-diameter reeled parachute at dynamic pressures from 390 to 2720 lb/ft 2, corresponding to low
release altitudes at Mach numbers up to 1.7. The reefed and full-open peak loads measured with
accelerometers in the 2100-lb test vehicle varied from 12 to 66 g and from 15 to 49 g, respectively, over
the range of dynamic pressures of reefed stage deployment. A typical vehicle deceleration record for
a supersonic deployment of this reefed parachute is shown in Figure 3.7. Note that most of the
deceleration occurs within 1.5 s. These data confirm that parachute deployment and inflation are very
time-dependent aerodynamic and structural interactive processes.
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Figure 3.7. Typical vehicle deceleration record

Other examples of high-performance conical ribbon parachutes include those developed by the
USAF and Sandia National Laboratories for ordnance deployed at very high dynamic pressures.
Pepper1' 2 and Pepper and Maydew2 "5 describe the design of 12.5-, 17-, 20-, 48- and 76-ft-diameter
heavy-duty conical ribbon parachutes. Pepper3"" ' discusses a 20-ft-diam4otr repfed ribbon para-
chute designed for deployment dynamic pressures up to 5700 lb/ft2. At these extreme dynamic
pressures, the failure of a single ribbon can cause the progressive failure of the entire gore.
Consequently, new horizontal nylon ribbons of up to 4000-lb tensile strength, with special reinforced
selvage, were developed for this heavy-duty parachute. The selvage ribbon has three times the
edge-tearing strength of a flat ribbon. To achieve tear resistance, some of the fill yarn is moved to the
edges of the selvage ribbon by a special weaving process. Selvage ribbons were ulsed in all of the
parachutes discussed above.

An extension of the continuous conical ribbon parachute, called an "all-radial" construction, has
been developed by Johnson.: " The new design feature involves the substitution of "mini-radials" for
the verticals (shown in Figure 3.4). Figure 3.2 shows that the ribbons in a continuous ribbon parachute
are actually constructed as concentric circles centered at the apex rather than as parallel straight lines.
Each ribbon is perpendicular to the radial tape. Mini-radials are used i.stead of verticals in all-radial
continuous ribbon parachutes because they are also perpendicular to the continuous ribbons. The
magnitude of stress concentrations at ribbon/radial and ribbon/mini-radial crossings is reduced by
making these crossings perpendicular, even when low elongation materials such as Kevlar are used.
Since the mini-radials do not intersect the radials, bulky sewn joints and undesirable stress
concentrations are eliminated. The term "all-radial" comes from the observation that both radials and
mini-radials are segments of lines that pass through the apex.

The first application of all-radial construction for a high-performance system is discussed by
Johnson and Peterson. " Both the 3.8-ft-diameter, 20-degree conical ribbon pilot parachute (a cluster
of three is used) and the 46.3-ft-diameter, 20-degree conical ribbon main parachute were designed
using this all-radial construction. Since this type of parachute cannot be placed on a flat pattern,
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fixtures3 s are used during the layout and basting of the parachute to control the alignment of the '

ribbons and the radial members.

Waye37 recently developed an interactive computer code to define the layout of conical (either
single or multiconic) ribbon parachutes. The code determines the pattern length, vent diameter, radial
length, top and bottom lengths of the ribbon, and geometric local and average porosity for the designer
with inputs of constructed diameter, ribbon widths, ribbon spacings, radial width, and number of
gores. The gores are designed with one mini-radial in the center and an option for the addition of two
outer mini-radials. The code output provides all of the dimensions necessary for the design and
construction of the parachute. The output can also be used os input into other computer codes used
to predict parachute loads.

3.2.1.3 Lifting conical ribbon parachutes

In 1973, Rychnovsky3 8
,
3 9 initiated the development of a two-stage lifting parachute system to

provide a method for delivering a 2400-lb payload only 100 ft above the ground from an aircraft
traveling at Mach numbers up to 1.2. A lifting parachute has intentional canopy asymmetries that
cause it to trim at an angle of attack with respect to the direction of flight. It is designed to slow the
payload down while simultaneously increasing its altitude above the ground. At this point, sufficient
altitude is available for the deployment and inflation of a large, lightweight, second-stage parachute
that provides a vertical ground impact at very low speeds. This lifting parachute development
program included analyses,' "' ,3 ] extensive wind tunnel tests,"3 "1 9 and over 40 full-scale flight
tests using B-52, A-7, F-4, and F-111 carrier aircraft." 1" It is summarized here because it represents
the first major attempt to use a lifting parachute for a high-performance application.

A sketch of the 13-ft-diameter slanted ribbon lifting parachute is shown in Figure 3.8. Its canopy
configuration is based on a 20-degree conical all-radial ribbon design. There are 24 gores with
thirty-one 2-in.-wide continuous ribbons. The vent band (ribbon 1) is made of 3000-lb nylon
reinforced with 10,000-lb nylon webbing. Ribbons 2 through 10 are made of 3000-lb nylon and ribbons
II through 31 are made of 1500-11) nylon. These ribbon strengths were based on structural analysis of
the canopy, ' "' on wind tunnel tests, and on full-scale flight tests. The skirt band reinforcement of
ribbon 1 is 10,000-1b, 1-in.-wide Kevlar webbing. Figure-eight suspension lines are used on this
parachute; they are 18 ft long and made of 13,500-lb Kevlar webbing. The radials are reinforced with
1000-lb nylon ribbon, with one ply over the horizontal ribbons and one ply under the suspension line
at the radial juncture.

Lined gores

layout Lined
skirt

Slanted ribbon gores

Slanted
ribbon

construction

Figure 3.8. Slanted ribbon lifting parachute
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The basic ribbon parachute was made to trim at a nonzero angle of attack by creating a porosity
asymmetry across the canopy. On early configurations, the seven gores on the top of the canopy, where
lift is required, were lined with 7 oz/yd2 nylon cloth from ribbons 6 through 30 to create a local region
of low porosity. In the five lower gores diametrically opposite the low-porosity region, a high-porosity
region is created by inclining the horizontal ribbons relative to the basic canopy-inflated contour. The
slanted ribbons were intended to act as a cascade, allowing increased flow through that portion of the
parachute and deflecting the flow downward through a larger angle than would be possible without the
slanted ribbons. Extensive wind tunnel and flight test data indicated that the trim angle of this 13.5-ft
lifting parachute was -35 degrees and the lift-to-drag ratio (L/D) was 0.7. Similar performance was
obtained when the slanted ribbons were replaced by standard ribbon construction and when other
liner configuratio,- w;ere used at the top of the canopy.

Rychnovsky and Everett ' l" and Bolton3 16 presented the first wind tunnel aerodynamic data on
this lifting parachute. Bolton, Holt, and Peterson 3 19 conducted wind tunnel, whirl tower, and
full-scale aircraft drop tests to increase the trim angle and L/D of this basic lifting parachute.
Modifications investigated included increased liner area, increased slanted ribbon area, flow-directing
side vents, and ram-air-inflated leading-edge chambers. Trim ani;es as high as 46 degrees (Figure
3.9a) were obtained with small-scale (40-in.-diametcr) wind tunne models (Figure 3.9b), whereas
maximum trim angles of 40 degrees were obtained subsequently with flight tests of full-scale
parachutes.
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Figure 3.9a. Lifting parachute lift/drag wind tunnel data
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Figure 3.9b. Small-scale wind tunnel lifting parachute canopy

Full-scale tests of different configurations of the 13-ft lifting parachute were conducted in the
NASA-Ames 40-ft by 80-ft wind tunnel.3 1 83" " Figure 3.10 is a photograph of a lifting parachute in
this facility. The full-scale payload shape was mounted on the wind tunnel strut for this test.
Potentiometers measured the model pitch and yaw angles, and parachute axial force and roll moment
were measured by strain gauges located within the forebody. Parachute pitch, yaw, and roll relative
to the forebody were measured using a small computer-controlled video camera mounted on the model
base. Table 2 of Reference 3.19 summarizes the aerodynamic performance of these full-scale, lifting
parachute parametric wind tunnel tests. Trim angles as high as 40 degrees were obtained in these
full-scale wind tunnel tests.

Analysis of the flight mechanics of lifting parachutes proved to be essential in developing their
design. Flight dynamics test data were analyzed on an analog computer using a two-body model with
7 degrees of freedom. Computer simulations indicated that the major source of roll torque was the
parachute normal force, coupled with the yaw angle of the lifting parachute relative to the forebody.
The pure roll torque is small compared to this yaw-induced rolling torque. NASA wind tunnel data
confirmed that yaw-roll interaction was a prime source of aerodynamic roll moment of the lifting
parachute.

A roll attitude control system was used for all of the flight tests of the 13-ft lifting parachute. It
orients the payload alter aircraft separation and before and during parachute deployment so that,
when the parachute inflates, the lift vector is directed up xard. The roll-control system eliminated roll
rates induced by the store ejectors and turbulence beneath the aircraft. The system consisted of a
solid-propellant gas generator and valved nozzle assemblies. Tie valved nozz.le assemblies are
constant-flow, throe-position devices (clockwise thrust, null thrust, and ccjnterclockwise thrust) with
40-Hz minimum response. The generator contains -8.3 lb of fuel that will generate a total angular
impulse of 675 ft-lb-s with a nominal 2-s burn time. The roll attitude of the store is obtained by
electronically integrating the roll rate sensor output.

Bolton3 " 313 developed an anal,-/digital (hybrid) computer simulation of the equations of
motion for a forebody/parachute system. The system %as modeled as a composite body in the
transl, tional and rotational equations of motion, and the parachute was treat d as a flexible extension
of the body, free to rotate in pitch, yaw, and roll relative to the body. The avorid simulation was used
extensively to analyze the forebody/lifting parachute flight mechanics. This included an evaluation
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Figure 3.10. Full-scale lifting parachute in NASA-Ames 40-ft by 80-ft wind tunnel

of the effect of parachute aerodynamic modificati-ns on the system motion, an evaluation of the
effectiveness of the body-mounted, roll-control system in maintaining the correct parachute roll
orientation (i.e., lift vector nearly vertical), and an evaluation of the effect of the lifting parachute
aerodynamic/flight mechanic characteristics ol the ground dispersion and impact velocity and angle
of the store.

Schatzle and Curry3' " also developed a hybrid 9-degree-of-freedom (9-DOF) code to simulate the
flight characteristics of an aircraft-delivered vehicle with a lifting parachute system. They compared
their predicted flight dynamics and trajectory of a forebody with a lifting first-stage parachute and a
ringsail second-stage parachute with output from a 6-DOF digital code and with flight test data. The
agreement was very good, indicating that both digital and hybrid computers provide valid simulations.

Analyses of the wind tunnel data, flight test data, and computer simulation of the store/lifting
parachute indicated that the hot-gas roll-control system used for full-scale flight tests performed
satisfactorily. It oriented the lift vector of the 13-ft parachute nearly vertical during the 2-s
operational time of the lifting parachute. In addition to the roll-control system, accurate fabrication
and quality assurance techniques 121' were developed to ensure a very symmetrical lifting parachute
and thereby minimize the pure roll torque coefficient developed by the lifting parachute, especially
during the opening process, when the dynamic pressures are very high.

The lifting parachute canopy is reefed for 0.5 s to decrease the opening-shock loads. After
investigating 16.5-ft and 18-ft lengths, a 20.6-ft, 13,500-lb Kevlar reefing line was used for reefing the
lifting parachute at the middle of each gore. A special pyrotechnic-actuated reefing line cutter was
developed ' for cutting the Kevlar line. A programmable time delay firing signal is provided by
means of an interconnecting cable that is attached to one of the suspension lines and terminates in a
plastic connector attached to the cutter assembly on the parachute.

The maximum inflation axial forces generated by the 13-ft lifting parachute were measured with
accelerometers on the payload in 13 flight tests and are presented in Figure 3.11 for the three reefing
line lengths. The predicted decelerations for the 18-ft-long reefing line are also shown in Figure 3.11.
The measured decelerations are, in general, less than the predicted decelerationi, probably due to the
asymmetric opening process of this lifting parachute, which is not taken into account by the predictive
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model. Note that the maximum opening-shock load was -185,000 lb at a dynamic pressure of
2750 lb'ft2. Rocket-boosted parachute structural overtests were conducted at these high dynamic
pressures (25% above the maximum design dynamic pressure) to verify the parachute structural
design margin.
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Figure 3.11. Measured and predicted reefed lifting parachute opening-shock loads

The lifting parachute's performance was demonstrated in a 1978 flight test wherein the 2400-lb
payload was lifted 460 ft above the aircraft release altitude. The F-4 aircraft was flying at Mach 0.97
and at an altitude of 180 ft above ground level at release. The time sequence of events and the
resulting store altitude, range, and velocity are given in Table 3.2. The aircraft was climbing at 15 ft/s
at the time of payload release. A series of photographs (Figure 3.12) shows the payload lifting from
0.68 s to 2.3 s after release from the aircraft.

Table 3.2. Sequence of Events on Lifting Parachute Flight Test

Time of Event Altitude Velocity Range
Event (s) (ft above MSII (ft/s) (t)

Release 0 55,18 1073 0
Roll control initiated 0.47 5547 1064 502
Tail can off 0.60 5546 1062 639
Lifting chute inflated 1.00 5536 951 1055
Lifting chute acting 3.00 5748 297 2044
Ringsail chute deployed 5.35 5959 155 2431
Store apogee 6.80 6005 133 2624
Ringsail chute inflated 7.75 5994 80 2719
Impact 19.45 5367 58 2729

dSL = mean sea level
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Frame 1: t.= 0.68 s, -3 ft

Frame 2: t 1.08 s, 15 ft,

....... ~ ----

Franme3: t 1.41 s, +43 ft

Figure 3.12. Photos of test PT U-101, F-4 release of lifting parachute/store (continued on next page)
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Frame 4: t = 1.99 s, +68 ft

Frame 5: t =2.3 s, + 109 ft

Figure 3.12. Photos of test PTU-101, F-4 release of lifting parachute/store (concluded)

3.2.1.4 Hemisflo ribbon parachutes

The constructed shape of the hemisflo canopy is a portion of a spherical surface that usually
continues past a hemisphere at the skirt. Figure 3.13' is a sketch of a 15-degree hemisflo parachute.
This configuration has adequate drag and good stability over the range of Mach numbers from 1.5 to
2.5, although conical ribbon parachutes are as good or better at speeds below Mach 1.5 (Table 3.1).
Hemisflo parachutes are used almost exclusively for drogue applications at supersonic speeds.

Considerable design information, including the results of wind tunnel and flight tests, has been
developed for hemisflo parachutes.2 9,3 - -331 Bloetscher.3 28 successfully conducted rocket-boosted
tests of a reefed 16-ft-diameter hemisflo parachute (with 10% extended skirt and 14% porosity) at
Mach numbers from 1.5 to 1.84 at altitudes to 15,500 ft. The tests confirmed that this parachute had
excellent aerodynamic characteristics and adequate strength to withstand opening-shock loads of up
to 200,000 lb. An application of the hemisflo parachute is the stabilization brake parachute for the
3130-lb aircraft crew module for the F-ill.' 7.332 This 6-ft-diameter parachute has a geometric
porosity of 15% and sixteen 2400-lb suspension lines. The F-ill drogue is designed to operate up to
a Mach number of 2.2.

Peterson et al.' 2 investigated using a hemisflo parachute for decelerating an 800-lb payload from
Mach 2.15 to subsonic Mach numbers at low altitudes. The maximum dynamic pressure at parachute
deployment was 4400 lb/ft2 . Wind tunnel tests at NASA-Lewis Research Center indicated that the
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conical ribbon parachute models had higher drag than the hemisflo parachute, but the drag of the
hemisflo was more constant over the Mach number range of 0.1 to 2.6. Additional wind tunnel tests 3 22
showed that only the hemisflo was stable in the wake of the actual payload to be recovered; most
conical ribbon parachutes were unstable and exhibited periodic inflation and deflation motions
(squidding). However, 19 rocket-boosted flight tests of these 3.7-ft- to 5.3-ft-diameter conical ribbon
and hemisflo parachutes showed that the conical ribbon parachutes stayed inflated during the
deceleration to subsonic speeds, whereas the hemisflo collapsed when the payload slowed to Mach 1.
Although a conical ribbon parachute was subsequently chosen for this systems application, the flight
tests' 2 and wind tunnel tests3

22 suggest that this hemisflo parachute might have periormed
satisfactorily if its suspension lines had been made longer to allow placing the canopy farther behind
the base of the forebody.
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Figure 3.13. Hemisflo parachute (taken from Ref. 1.7)
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3.2.1.5 Ringslot parachutes
21J

The ringslot parachute was invented by Knacke and co-workers at the FIST2 4 in Germany in the
1930s during the evolutionary process of their invention of the ribbon parachute. It was developed by
Knacke and Hegele in 1949 at Wright-Patterson AFB as a low-cost substitute for ribbon parachutes. 2"
This parachute is constructed with either flat or conical designs. The canopy is constructed of
concentric cloth strips, generally 1 ft wide, separated by slots in a manner similar to the assembly of
ribbon designs. Fewer operations are required, simplifying manufacture and reducing cost, compared
to ribbon parachutes. A gore layout and the inflated profile are illustrated in Figure 3.14.1 7

The performance characteristics lie between those of the ribbon and solid cloth canopies (Table
3.1). The ringslot is more stable than a solid canopy and is suitable for deployment at moderate
subsonic speeds, higher than a solid canopy could withstand. Ringslot parachutes are used for aircraft
landing deceleration, extraction of air drop equipment, :  

33 tandem engagement midair recovery
systems,: " and final recovery parachutes. The opening reliability is comparable to that of ribbon
parachutes. Purvis 3'" systematically varied the canopy reefing ratio in his wind tunnel studies of the
effect of pocket bands on the drag of 5-ft-diameter ringslot parachutes at subsonic speeds.
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Figure 3.14. Ringslot parachute (taken from Ref. 1.7)



29

3.2.1.6 Ringslot/solid-canopy parachutes

Johnson1 5 .
37 (also see Peterson and Johnson3 36) invented the ringslot/solid-canopy parachute to

satisfy the system requirements of a prototype parachute cluster to decelerate the F-111 aircraft Crew
Escare Module to an impact velocity of 25 ft/s. Since the parachute system must be deployed at
dynemic pressures as high as 300 lb/ft2, the parachute was designed with geometric porosity in the
center of the canopy to control inflation loads. The low impact velocity, coupled with the restrictions
in 1)arachute system weight and volume, required this parachute to have the highest possible drag
coefficient. This requirement suggested designing the outer portions of the canopy to have no
geometric porosity.

The resulting ringslot/solid-canopy parachute is shown in Figure 3.15. It is a 20-degree conical
solid canopy with eight 12-in.-wide rings spaced 1 in. apart in the vent area. The constructed diameter
of this 48-gore parachute was originally 12.5 ft, but higher-than-expected drag coefficients measured
in flight tests have permitted a reduction in canopy diameter to 49 ft. Nylon was used for the vent
rings and the solid canopy, and Kevlar was used wherever possible for the rest of the parachute
structure to save weight. The suspension lines are 60 ft long and made of 400-lb Kevlar tape. Two
stages of reefing are used to control aerodynamic loads. The three parachutes are connected at the
skirts to provide position control during inflation. Each parachute weighs only 30 lb. Several aircraft
drop tests with a 3200-lb test vehicle demonstrated the feasibility of this new hybrid parachute design.
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Figure 3.15. Ringslot/solid-canopy parachute
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3.2.1.7 Ringsail parachutes

The ringsail is another derivative of the ringslot design. It was invented by E. G. Ewing 3
.
3 8 in 1953.

This parachute design' 7,2.1 is complex and develops a unique shape from the combination of a curved
basic profile and fullness at the leading edge of annular cloth rings. Geometric features, including
leading- and trailing-edge fullness, are illustrated in Figure 3.16. The constructed profile is a circular
arc, tangent to a 15-degree cone at the apex and tangent to a 55-degree cone at the skirt. The ringsail
canopy is constructed of wide concentric cloth strips separated by gaps in the upper crown; this
portion is like the ringslot parachute. Over the remainder of the canopy, the gap spacing is zero and
geometric porosity is obtained from the crescent-shaped slots, which result from the fact that the cloth
dimension between radials is longer for the leading edge of each sail than for the trailing edge of the
sail below it. Geometric porosity is determined by the three-dimensional inflated shape of the sails as
well as by gap spacing.
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Figure 3.16. Ringsail parachute (taken from Ref. 1.7)
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Major applications of the ringsai! parachute include a 63.1-ft-diameter parachute for the 2340-lb
Mercu:y capsule,' 7 a cluster of three 85.6-ft-diameter parachutes for the 13,000-lb Apollo
capsule,' 7,33,9 and the 70-ft-diameter parachute for the 3130-lb F-1ni Crew Module 32 The
ringsail parachute was selected as the final recovery parachute for the U.S manned orbital and space
flights because of its lighter weight, slower inflation rate (thus Io, cr opening-shock load), and
improved stability, compared to a solid canopy. Pepper 3 ") designed and tested a 32-ft-diameter
ringsail parachute as the second stage for a transonic, low-altitude, store application;
16 rocket-boosted tests demonstrated the feasibility of this parachute system at deployment dynamic
pressures up to 2600 lb/ft 2.

A 38-ft ringsail parachute was used as the second-stage decelerator with the lifting parachute
described in Section 3.2.1.3. This ringsail canopy had 36 gores and seven rings of 2.25-oz/yd2 nylon
cloth with 90 lb/in, tensile strength. The top three rings were the ringslot pattern (no fullness) for the
higher loading in the vent area during opening. The bottom four rings were the ringsail pattern. The
suspension lines, made of 2000-lb Kevlar, were 44 ft long. Analysis of phototheodolite data of several
full-scale tests indicated that the drag area (C1)S) of this parachute in terminal descent was 736 ft2,

with a standard deviation of 25 ft 2 . The maximum oscillation of this parachute in terminal descent
with the 2400-lb payload was ± 6 degrees.

3.2.1.8 Disk-gap-band parachutes

The disk-gap-band parachute was developed and patented by C. V. Eckstrom in the mid-1960s,
under contract to NASA-Langley Research Center. Intended to operate at very low dynamic pressures
at high altitudes (above 200,000 ft) and supelsonic speeds,' " ' ' this parachute is designed to have
better stability than a solid flat canopy without loss of the desirable features of drag efficiency and
ease of construction. The canopy is constructed as a flat circular disk and a cylindrical band separated
vertically by an open space (Figure 3.17). The right-angle change in constructed shape from the band
to the disk portion of the canopy provides a discontinuity in the surface shape and causes the airflow
to become separated around the edge at all times. By adjusting the width of the gap, the flow of air
exiting from the interior of the canopy can be controlled sufficiently to maximize the drag of the
parachute while maintaining the required degree of stability. The air flowing through the gap provides
an additional disturbance to the air flowing over the outer surface of the canopy.

A gore consists of a triangular top and rectangular bottom (Figure 3.17). The disk, gap, and band
areas are 53 1, 12 ,, and 35 i of the nominal area S, respectively. Dacron materials were used for the
Viking 53-ft-diameter disk-gap-band parachute to withstand the effects of heat sterilization and
(tensely packed storage until deployed in the Martian atmosphere. The Viking parachute was
developed by NASA-Langley Research Center; Martin Marietta Corporation, Denver, Colorado; and
Goodyear Aerospace Corporation, Akron, Ohio.' ,

3.2.1.9 Ribbed guide surface parachutes

Heinrich2 
7 17.3 18 invented the ribbed guide surface parachute in Germany (FGZ, Stuttgart-Ruit)

in 1941 for braking and stabilizing finless bombs, torpedoes, containers, and mines. The shape of the
guide surface parachute was designed to provide exceptional stability. To understand how this is
accomplished requires comparing how the airflow separates from conventional flat circular parachutes
with how the airflow separates from the guide surface parachute.

Because flat circular cloth parachutes have continuous, smoothly-varying elliptical inflated
shapes, the location of flow separation is determined by the local flow conditions along the curved
canopy skirt, such as Reynolds number and streamwise pressure gradients. As the flat circular
parachute oscillates, the location of separation moves around the canopy and creates a time-
dependent pressure distribution that sustains the oscillatory motion. By changing the inflated canopy
shape from a smoothly-varying ellipse to the discontinuous canopy configuration shown in Figure 3.18,
the guide surface parachute fixes the location of flow separation at the discontinuity in canopy slope
(at the position of maximum diameter), even when this canopy is displaced to large angles of attack.
Therefore, the pressure distribution on the guide surface canopy is nearly independent of parachute
oscillation angle. Without time-dependent pressures to sustain the motion of the canopy, the guide
surface parachute remains at its equilibrium angle of attack of zero degrees with respect to the
oncoming flow. Additional stability is provided by the conical guide surface at the canopy skirt.

The design of a typical ribbed guide surface parachute is illustrated in Figure 3.18.1 7 The canopy
shape is intricate. It is constructed from roof panels, guide surface partels, and internal ribs joined
together to form the main seams. The canopy has a slightly rounded crown (roof) and an inverted
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conical front (guide surface) extending from roof edge to skirt reinforcement. Ribs are placed between
gores in a plane with suspension lines to maintain the constructed profile during operation. As
discussed above, stability comes from the abrupt flow separation edge formed at the juncture of the
guide surface and roof panels. Maximum coning angles are 2 degrees. Low-porosity cloth is used in the
roof and guide surfaces to promote fast inflation and to maintain its inflated shape.

The ribbed guide surface parachute is reliable and very stable, but it has a lower drag coefficment
than other parachute configurations and is difficult to manufacture. Heinrich describes both
stabilization and brake guide surface parachutes in Reference 2.7. On a stabilization guide surface
parachute, the size of the guide surface is increased to improve the stability. This decreases the drag
and the parachute opening-shock load. The drag coefficient of a typical brake guide surface parachute
is -20% higher than the drag coefficient of a typical stabilization guide surface parachute.

In 1943, Heinrich et al.' 47 successfully tested a 7.2-ft-diameter guide surface parachute with a
geodesic suspension system to stabilize a finless torpedo after an aircraft release at 456 ft/s.
Heinrich:' " discusses the extensive use of guide surface parachutes in Germany in the early 1940s to
stabilize 1100-lb to 8810-lb bombs, 1100-lb to 2200-lb mines, and torpedoes. The U.S. Navy3 49 used
an 87-in.-diameter guide surface parachute to stabilize the Mark 44 and 46 torpedoes after release
from a helicopter. Another systems application of the ribbed guide surface parachute is the
5-ft-diameter pilot parachute used to deploy the main ringsail canopy to recover the F-ill Crew
Escape Module.3

3.2.1.10 Ribless guide surface parachutes

The ribless guide surface parachute was developed by H. G. Heinrich and R. S. Gross at Wright
Air Development Center, Ohio, in 1948 as a low-cost substitute fok the ribbed guide surface parachute.
This type is constructed of bell-shaped roof panels and guide surface panels, joined together to form
the main seams. The desired shape " is obtained by widening the roof panel to extend around the edge
of the guide surface panel to the skirt edge. The rib is eliminated, thereby simplifying construction.
The resulting flow separation edge is less abrupt, accounting for a slightly higher oscillation angle than
the ribbed guide surface parachute. A vent, at the outer edge of each guide surface panel also promotes
flow separation. Dimensions for roof and guide surface panels depend on canopy diameter and the
number of gores in the canopy. A sketch of the ribless guide surface parachute is shown in Figure 3.19.
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500 \
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Figure 3.19. Ribless guide surface parachute (taken from Ref. 1.7)
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The ribless guide surface canopy may be used for stabilization, decelerati, or extraction
applications, and for other applications requiring extreme stability, quick opei,:ng, and high
reliability. Cook Research Laboratories,~ under contract to the USAF, conducted ex ensive wind
tunnel, sled, and flight tests of the rible-s guide surface parachute. They conducted a successful sled
test of a 6.5-ft-diameter parachute at a velocity of 1214 ft/s.2 9 Sandia I iational Laboratories has used
ribless guide surface parachutes for many system applications over the last 30 years. Typical examples
are the pilot parachute to extract the main canopy for low-altitude delivery of payloads,3" recovery of
rocket payloads, 3 50-3 52 and recovery of spinning shells.' 4,. 3

The "modified" ribless guide surface canopy2 1 is also used by Sandia. This canopy is constructed
by joining gore panels that were formed by a single gore pattern rather than the two patterns required
in constructing the conventional ribless guide surface cano-,-. This canopy may also be used tor
stabilization, deceleration, extraction, and for other applications requiring a high degree of stability
and reliability. This parachute is not as stable as the conventional ribless guide surface canopy;
nonetheless, canopy oscillation is less than ±5 degrees. The manufacturing cost of this canopy is
somewhat lower than that of the conventional ribless guide surface parachute and can replace it for
most extraction ar lications.

3.2.1.11 Rotating parachutes

We describe three types of rotating parachutes in this section for completeness, even though the
systems applications have heen very limited. Rotation is achieved by providing openings (both
asymmetrical and symmetrical) in gores to create a cascade of rotationally identical pitched sails. An
alternate approach is to assemble a number of identical fabric sails rigged to provide the desired pitch
and twist. Improved parachute performnance and weight ficiency are obtained in exchange for the
added complication of canopy rotation and the need for a swivel. The rotating parachutes have low
opening loaos, good stability, and high drag. These parachutes work well if limited to diameters of less
than 10 ft. Problems with inflation and rotation have occurred with larger rotating parachutes.

3.2.1.11.1 Rotafoil

The rotafoil was invented by E. G. Ewing"", I of the Radioplane Company in the early 1950s. The
construction is similar to that of a flat circular parachute. Each gore is a flat polygon with an open slot
on one side of the gorc (Figure 3.20). ' The openings in each gore transform each roof panel into a sail
during operation, which causes canopy rotation. The parachute is relatively low in bulk and weight
Slot areas should vary from -20', to 32'( of the total parachute area, S,, as parachute diameter is
decreased from 10 ft. A swivel has to be used to permit parachute rotation, relative to the suspended
1,ayload, while transmitting minimum torque to the payload.

The stability of the retafoil is very much a function of the design. Models ra,.ge from stable to
unstable, wit, a decrease in drag coefficient in the stable models. The parachute canopy is relatively
low in weight and bulk but, because of the swivel, this parachute system becomes bulkier and weighs
more than do comparable ribbon, ringslot, or guide surface parachute systems. This parachute canopy
may be used for general deceleration applications, and most designs are reliable in opening. A
7-ft-diameter rotafoil has be'.n deployed at a velocity of 590 ft/s.2

3.2.1.11.2 Vortex ring

The vortex ring canopy wa developed by Barish Associates of New York. It consists of four
sail-like panels that rotate about its apex like helicopter blades in autorotation 17 The panels, unlike
the gores of conventional parachutes, are rigged to l)roduce the panel shape and pitch needed to
achieve the desired rotation rate. Pitch iq determined by employing shorter leading-edge lines than
trailing-edge lines from the junction of each suspension line (Figure 3.21). A swivel minimizes the
torque transmitted to ile payload. This canopy has excellent stability characteristics. Gross and
Riffle " 'present wind tunnel and aircraft drop tes. data for this vortex ring parachute. Reefed vortex
ring parachutes of 9.5 and 105 ft in diameter have been deployed at velocities of 676 It/s and 220 ft/s,
respectively.' 7 Care must be taken in rigging to avoid inflation problems, and large vortex ring

arachutes take a very long time to inflate.

3.2.1.11.3 Rotating flexible decelerator

Peppe:' designed the rotating flexible decelerator (RFD) in 1979. A sketch of a 2-ft-diameter
RFD is shown in Figure 3.22. The RFD "blades," as well as the circular vent cap required for positive
infiation, are made of Kevlar cloth. Since the blades cover only about two-thirds of the gore width,
they assume an angle of attack relative to the rotational velocity vector as a result of the interradial
bulge from air loads. This results in a force vector that is tilted relative to the plane of rotation and
therefore generates a rotational moment
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Figure 3.20. Rotafoil larachule (taken from Ref I.;)

Pepper conducted wind tunnel tests of the 2-ft-diameter RFD at speeds to Mach 2. He also
(onducted flhght tests at transonic speeds of both a 2-ft-diameter and a 6-ft-diameter RFI). These test
ie,,ults indicated a drag coefficient of i.e to 1 25 (based oil disk area) and excellent stability (uegligible
(oing angle) The high spin rate of the canopy creates gyroscol)ic stability and large cent rifugal forces
that extend the rotor blades radially, lroducing additional drag. The flying shape of tile RFI) is much
more like a -,at spinning disk than the semielliptical shape of nonrolating cross parachutes.

Doherr and S, nofzik have used rotating parachutes to decelerate submunitions. They
measured the drag coefficient and the propeller advance ratio inverse using scale-model rotating
parachutes (circular flat, extended skirt, cross, and guide surface) in wind tunnel tests at DLR, FRG.
The\ also defined (and measured) a rotor quality coefficient for comparison of different rotating
parachutes. The altitude loss per revolution of a rotating parachute decreases as tile rotor quality
number increases.
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3.2.2 Ballutes

Goodyear Aircraft Corporation, Akron, Ohio, developed the ram-air-inflated conical balloon
"ballute" in the early 1960s for the USAF to stabilize and decelerate payloads at high altitudes and
high speeds. Inflatable closed-envelope decelerators evolved from early experiments with towed
spherical balloons.' 7 The sphere provided a high-drag blunt body and was fabricated from material
of very low porosity so as to stay inflated from a stored gas source.

Alexander ' s investigated the feasibility of deploying inflatable decelerators at altitudes to
200,000 ft and speeds to Mach 10. A "burble fence," made from a tubular ring affixed to the balloon
just aft of the sphere's maximum diameter, is incorporated to provide flow separation for subsonic
stability (Figure 3.23). Suspension lines are extended over the top of the sphere and around the
radials, leaving the balloon surface from the point of tangency to the line confluence point. The
trailing spherical balloon decelerator became known as a "ballute" and has evolved into a more
uniformly stressed shape (Figure 3.24), which incorporates the cone of suspension lines into radial
members of the balloon's forward surface. The compressed gas supply was replaced by ram-air
inflation to minimize installed weight. Air scoops forward of the ballute's maximum diameter provide
air inlets for inflation and ram pressure to fill and maintain its final shape.
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McGirr, Aebischer, and Weinberg 3 5 9 conducted aircraft flight tests of 29-in.- and 41-in.-diameter
ram-air-inflated ballutes and successfully demonstrated deceleration of 500-lb stores at ballute
deployment speeds up to 1000 ft/s.
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--Kevlar tape
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Figure 3.22. Rotating flexible decelerator

Burble
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Figure 3.23. Balloon decelerator (taken from Ref. 1.7)
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Figure 3.24. Ballute geometry (taken from Ref. 1.7)
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I CHAPTER 4

STEADY-STATE AERODYNAMICS

4.1 Characterization of parachute aerodynamics

The complexity of parachute aerodynamics is a direct consequence of the mission that parachutes
are designed to accomplish. They are required to decelerate payloads that will not slow to a
sufficiently low speed quickly enough on their own. Hence, parachutes must have much more drag
than the object that they decelerate. Whereas most of the aerodynamics community is concerned with
optimization of the aerodynamic efficiency of streamlined, low-drag shapes, parachute designers seek
to create the maximum amount of disturbance to the oncoming airflow that can be achieved within
the constraints of parachute weight and volume. As a result, parachute aerodynamics is irrevocably
associated with the airflow around bluff bodies, which includes some of the most difficult problems in
fluid mechanics. For example, the air flowing around the parachute separates from an unknown
(a priori) location on the canopy and consists of air that flowed around the canopy and air that flowed
through the canopy. The shedding of vorticity from the bluff canopy shape may affect canopy stability
and cause a periodic motion of the parachute and payload.

These bluff-body aerodynamic phenomena are further complicated by the presence of the payload
just ahead of the parachute. The turbulent wake generated by the payload flows into the parachute,
causing a reduction in parachute drag and stability. At supersonic and transonic speeds, the location
of shock waves is determined by the combined payload/parachute configuration, rather than by the
parachute configuration alone. Since shock wave location affects canopy pressure distributions, the
performance of the parachute depends on the payload's physical characteristics as well as the
parachute's characteristics.

If the parachute is successful in decelerating the payload, the oncoming airflow velocity (relative
to the parachute) decreases during the initial phase of parachute function. For many high-
performance parachutes, the oncoming airflow velocity can change significantly during the time
required for the parachute to inflate. The process of parachute inflation is intrinsically time-
dependent when this occurs. The adjectives "nonsteady" or "transient" will be used instead of
"unsteady" to distinguish between these irreversible time-dependent aerodynamic events and periodic
fluid motion having ordered frequencies. In addition to the dependence of inflation parameters on
nonsteady flow parameters, other time-dependent aerodynamic events are observed during the
operation of high-performance parachutes. An example is the phenomenon of wake recontact,
sometimes called "canopy collapse." This phenomenon occurs when the parachute decelerates the
payload so rapidly that the air behind the parachute catches up to the canopy, causing it to deform
("collapse") and lose drag.

The final complexity comes from the requirement that the parachute provide drag only after the
payload is allowed to fly by itself while it accomplishes its own mission. Before the parachute is
needed, the payload must retain its own aerodynamic characteristics, not the aerodynamic charac-
teristics of the parachute. This requirement means that the parachute must be stored out of the
airstream until it is needed. Space limitations on the payload invariably dictate that the parachute's
stored shape be much different from its inflated shape. When it is time for the parachute to be used,
it must be deployed in its stored shape and then transformed into its high-drag shape as quickly as
possible after it is ejected from the payload into the airstream. No other aerodynamic structure
undergoes such an enormous change in shape during the course of performing its aerodynamic
mission. From a fluid mechanics perspective, the changing parachute shape during inflation creates a
"chicken and egg" dilemma: the shape of the parachute depends on the aerodynamic forces acting on
the canopy, but the airflow that generates the aerodynamic forces depends on the shape of the
parachute canopy. From a structural perspective, the maximum structural loads that must be
withstood by the parachute occur while the parachute is changing shape, and the magnitude of these
forces is influenced by that shape.

To summarize, calculation of parachute deployment, inflation, and payload deceleration requires
a solution to the nonlinear, time-dependent equations of motion for turbulent, separated airflow
around and through bluff bodies traveling at supersonic, transonic, and subsonic speeds. The
upstream boundary condition for the calculation is the nonuniform flow generated by the payload.
The boundary condition representing the parachute surface is a porous body whose shape must be
calculated at each time step. The equations of motion for the parachute are coupled to the equations
of motion for the airflow. In view of the extreme complexity of this problem, it is not surprising that
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parachute designers have for many years traditionally relied on empirical methods rather than
analysis. As recently as 1971, parachute design and development was viewed as "largely empirical."215

Even today, the full three-dimensional inflation problem described above is much too large to be
solved on the largest, fastest computers.

Advances in computer technology and numerical modeling make it both feasible and desirable to
begin development of numerical models of parachute inflation. These numerical models will be the
parachute design tools of the future. In the meantime, analysts have attacked smaller parts of
parachute aerodynamics separately, a piece at a time. Simplifying assumptions are made to include
only some aerodynamic phenomena in approximate simulations of the complete parachute problem.
Predictions are compared with data from flight and wind tunnel tests of parachutes to determine
which phenomena are important in describing each aspect of the parachute inflation process for a
given flight regime and parachute configuration. One important result of this approach, which has
been pursued for less than two decades, has been a better understan" ng of how parachutes work. A
second result has been the creation of approximate -design tools which, when used in conjunction with
experimental data and design experience, have reduced the time and cost of producing successful
parachute designs.

The approximation that allows the greatest simplification in modeling parachute dynamics is the
assumption of steady-state aerodynamics. Expressed in physical terms, the steady-state approxima-
tion views parachute inflation as a series of events, each of which is in static equilibrium and related
to the instantaneous velocity. At any instant in time, the parachute's aerodynamic and structural
characteristics are assumed to be a function of the oncoming airflow velocity and parachute shape at
that time, as if the velocity and shape had always had those values. The steady-state approximation
implies that the aerodynamic phenomena related to the changes in velocity of the parachute/payload
are not as important as the phenomena related to the magnitude of the velocity itself.

It may seem contradictory to express the inflation of high-performance parachutes in terms of
steady-state aerodynamics, when the very definition of "high performance" implies rapid decelera-
tions. Yet, for many high-performance parachute systems, such as small parachutes deployed at
supersonic speeds, the steady-state approximation is an appropriate model of the fluid dynamics.
Even in cases where nonsteady aerodynamics is important in characterizing parachute motion, an
understanding of steady-state parachute aerodynamics is essential for appreciating the effects of the
transient fluid dynamics. This chapter examines the steady-state aerodynamics of high-performance
parachutes, including analytical methods, numerical approaches, and wind tunnel and flight test data.
The reader is referred to Cockrell's AGARDograph 6 for a first-principles derivation of steady-state
aerodynamic equations of motion.

4.2 Steady-state parachute drag

The single most significant aerodynamic characteristic of a parachute is its drag, defined as the
component of the aerodynamic force in the direction of the relative airflow (Figure 4.1). The
aerodynamic drag produced by the parachute decelerates the payload and accelerates the air in the
vicinity of the parachute. The momentum of the payload is transferred to the air through which it
passes. The primary source of parachute drag is the pressure differential across the canopy, but
inertial and viscous forces also contribute to parachute drag. The parachute drag, D, is related to
parachute drag area, CD)S, and dynamic pressure, q, by this definition:

D = q • CI)S (4.1)

The drag area of a parachute depends on its type, inflated shape, size, Reynolds number, Mach
number, Froude number, material elasticity, and porosity. Depending on the relative size and
positions of the parachute and its payload, the payload wake may also affect parachute drag. The
parachute designer has control over some of these parameters and can therefore perform trade-off
studies among them to obtain the desired drag performance. Among the adjustable decelerator design
parameters are the parachute type, shape of the gore pattern, suspension line length, material type
and strength, and porosity of the fabric and geometry. Clustering and reefing greatly influence the
measured drag coefficient by causing major changes in the parachute's inflated shape; they are also
treated in this chapter.

In parachute canopies, the generation of drag differs from that produced by solid bodies in two
respects. First, the drag-producing surface of a parachute is porous; air may pass between ribbons and
through the material itself. Second, the airflow pattern around the canopy is usually not steady, even
when the parachute is moving at a constant speed. The motion of the canopy during descent may be [A
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oscillatory, gliding, spiraling, or any combination of these. Because of these complexities, accurate
theoretical methods to calculate the drag of textile canopies have not been developed. Drag
coefficients are usually determined experimentally, either from captive tests (wind tunnel, whirling
arm, or rocket sled) or from free-flight tests (aircraft drop, rocket boost, tower drop, or ejection from
rocket sled).

Wind tunnel and flight test drag data at subsonic, transonic, and supersonic velocities from
selected references are presented by type of parachute in this section on parachute dr.g. Approximate
subsonic drag coefficient values for the different kinds of high-performance parachutes arc ' ted in
Table 3.1. In addition, drag coefficients are given in the 19632.1 and the 19781'7 USAF Lrachute
Design Guides. These drag coefficient values are sufficiently accurate for preliminary parachute
design.

V

Figure 4.1. Forces acting on a parachute

4.2.1 Flat circular ribbon parachute drag

In 1971, Heinrich and Haak4' made careful measurements of drag coefficients of 16-in.-diameter
rigid and flexible parachute models (without a iorebody) of flat circular ribbon parachutes at angle of
attack in a subsonic wind tunnel. Maynard4

2 measured the drag of ..5- to 1.25-ft-diameter rigid and
flexible parachute model (with cone-cylinder or Mercury capsule forebodies) in a wind tunnel at
Mach numbers 1.6 to 3.0. Downing, Arenson, and McClow- 8 measured the drag area of four ribbon
parachutes with porosities between 8.6% and 23.3% at deployment speeds up to 500 mph, using a
rocket-boosted test vehicle on the USAF sled track at Edwards AFB. In 1958, Rosenlof4 

.
3 conducted

37 flight tests of a general-purpose bomb casing released from a C-119 aircraft to measure the drag
coefficients in terminal descent of seven ribbon parachutes 12 to 40 ft in diameter. Engstrom29

measured the drag coefficients of flat ribbon parachutes between 2 and 6 ft in diameter in free-flight
tests at Mach i, "tbers 0.38 to 2.38 at altitudes of 15,000 ft to 96,000 ft. These tests were conduct,'d
with a special parachute test vehicle released to free-fall from a balloon or an aircraft, or
rocket-boosted from an aircraft.

4.2.2 Conical ribbon parachute drag

McVey, Pepper, and Reed 4 tested 3-ft-diameter, 20-degree conical ribbon paractutes with
geometric porosities from 15% to 30% and suspension line lengths one to two times the parachute's
constructed diameter. These wind tunnel tests were conducted at dynamic pressurr.s of 75 to
500 lb/ft 2. Utreja' 5 developed an empirical formula for the subsonic drag coefficient of a 20-degree
conical ribbon parachute which accounts for the effects of geometric porosity and suspension length.
Bacchus, Vickers, and Foughner4

6 measured the effect of porosity, suspension line length, and reefing
line length on the drag of a 1/8-scale model of the 54-ft-diameter, 20-degree ribbon drogue parachute
for the Space Shuttle Solid Rocket Booster in the NASA-Langley 16-ft wind tunnel. Pepper and
Reed 4 show the effect of subsonic Mach numbers and geometric porosity on the drag coefficient of
a 20-degree, 3-ft-diameter conical ribbon parachute; they also show reasonable agreement between the
drag measured with a force balance and the drag calculated from canopy pressure measurements.

Purvis4's presented a combination of old and new wind tunnel data to illustrate the effects of
inflated diameter, geometric porosity, reefing line length, suspension line length, number of gores, and
number of ribbons on parachute drag. He used the Sandia National Laboratories data published by
Heinrich and Uotila 4 9

,
4 "o and the data from five 1985-86 Sandia wind tunnel tests conducted in the

LTV Low-Speed Wind Tunnel. Figure 4.2 illustrates the effec.s of diameter ratio (inflated diameter
divided by constructed diameter) on subsonic drag coefficient. Data lie along a single curve, even



46though results for both ribbon and solid canopies are plotted. Figure 4.3a shows the effects of
suspension line length (LsL) on the drag coefficient for ribbon parachutes with geometric porosities
between 10 % and 40 %. Figure 4.3b shows the effects of suspension line length and number of ribbons
on drag for a 10 % geometric-porosity ribbon parachute with 8, 16, and 32 gores. Figures 4.4a and 4.4b
present the drag data for 5-ft-diameter, 10% porosity, 5-, 10-, 20-, and 40-ribbon parachutes as a
function of suspension line length ratio. Purvis' measurements represent state-of-the-art information
on parachute drag in wind tunnel subsonic flow and provide insight into the physical mechanisms by
which these ribbon, solid, and ringslot parachutes generate drag.

1.0 I I

o 3-ft Ribbon canopies

0.8 - 3-, 5-, and 6-ft Solid canopies
- Disk drag; C1) = 1.18 (D/D) ' ,

based on constructed canopy

area, S,
0.6 -

0.4-

0.2-

0.0
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 4.2. Effect of inflated diameter on drag coefficient
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Figure 4.3a. Effects of suspension line length and geometric
porosity on the drag coefficient of 3-ft-diameter ribbon parachutes
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Figure 4.3b. Effects of suspension line length and number of ribbons on the drag
coefficient of 10% geometric-porosity ribbon parachutes with 8, 16, and 32 gores

Measurements of conical ribbon parachute drag by Peterson and Johnson4 
" also show the effect

of suspension line length on parachute drag coefficient (Figure 4.5). As the suspension line length is
decreased, the suspension line angle increases and the inward radial component of suspension line
load becomes larger, causing the canopy to assume a smaller diameter and a more streamlined shape.
These changes cause corresponding decreases in the parachute drag.

Subsonic and supersonic flight test drag data for conical ribbon parachutes are presented by
Pepper,3 4 who conducted three rocket-boosted tests of a reefed, 20-ft-diameter conical ribbon
parachute. These parachutes were deployed at dynamic pressures of 4700 to 5700 lb/ft2, corresponding
to Mach numbers of 2.34 to 2.43. Pepper measured reefed (using a 12-ft-long reefing line) and
full-open drag areas (CDS) of 35 ft2 and 130 ft 2, respectively. Moog, Sheppard, and Kross4

12

conducted flight tests to measure the drag area of the reefed and full-open stages of the 54-ft-
diameter drogue and the cluster of three 115-ft-diameter, 20-degree conical ribbon parachutes for the
Space Shuttle Solid Rocket Booster.
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Figure 4.4b. Effects of number of gores and suspension line length on
the drag coefficient of 5-ft-diameter, 10% porosity, 40-ribbon parachutes

Maydew and Johnson 3' analyzed the results of 29 flight tests of a reefed, 22.2-ft-diameter cunical
ribbon parachute at deployment dynamic pressures up to 2700 lb/ft 2 (Mach 1.7) to calculate transient
and terminal parachute drag areas. A typical deceleration record for the 2100-lb payload is shown in
Figure 3.7 and the measured drag area during inflation is shown in Figure 4.6. No discernible effect
of Mach number on the drag area of the reefed parachute was observed over the Mach number range
of 0.7 to 1.0. The parachute's terminal drag area of 189 ft2 was determined by using theodolite
trajectory data with Eq. 4.1.

Pepper' 1.4 13 developed a 24-ft-diameter hybrid Kevlar/nylon parachute for the recovery of a
760-lb payload released from an aircraft at low altitude at subsonic and supersonic release speeds. He
analyzed the results of 70 flight tests (31 aircraft drop tests, 28 rocket-boosted sled-launched
free-flight tests, and 11 rocket-boosted tests) and calculated drag areas. The parachutes were
deployed at dynamic pressures from about 300 to 2700 lb/ft2 and at Mach numbers up to 1.58. The
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Figure 4.6. Comparison of two methods of determining steady-state drag area

measured full-open drag area of 265 ft2 agreed well with the drag area measured in subsonic tests of
the same parachute in the NASA-Ames 40-ft by 80-ft wind tunnel. This results in a drag coefficient
of 0.59 (based on the constructed area of 452 ft2) for this low-geometric-porosity (20%) ribbon
parachute. The drag area of this parachute when permanently reefed with a 28-ft reefing line was
122 ft2. In flight tests, this parachute produced a peak deceleration load of 240 g when deployed at
M = 1.58. It generated these peak loads very early in the inflation of the canopy; as a result, measured
peak g forces were approximately the same for both reefed and full-open parachutes. The 24-ft-
diameter parachute decelerated the 760-lb payload from 1753 ft/s to 100 ft/s in less than 1 s.

Peterson et al.1 2 conducted 18 rocket-boosted tests of 4.3- to 5.3-ft-diameter conical ribbon
parachutes designed to recover an 800-lb payload flying at subsonic and supersonic speeds. The
maximum design condition was a deployment dynamic pressure of 4400 lb/ft2, corresponding to a
Mach number of 2.15 at an altitude of 11,000 ft. Typical drag area of the ribbon parachute as a
function of flight Mach number (as calculated from onboard accelerometer and theodolite ground
track data) is presented in Figure 4.7 and compared with a fairing of flight and wind tunnel data from
the 1963 USAF Parachute Design Guide. 2 They observed that the drag area at both subsonic and
supersonic speeds is a strong function of the length of suspension lines; however, the length affects
inflation, squidding, and stability of the parachute in the forebody wake. Additional information on
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0the drag of these conical ribbon parachutes at supersonic speeds is contained in the discussion of
forebody wake effects of parachute drag (Section 4.2.6). The reason for discussing conical ribbon
parachute drag in that section is because of the major influence of the forebody on the drag of
supersonic conical ribbon parachutes.

Additional information on the drag of conical ribbon parachutes at subsonic, transonic. and
supersonic speeds can be found in References 4.13 through 4.15 and in the examples used in other
chapters of this AGARDograph. References 1.1, 1.3, 1.7, 1.8, 2.10, 2.13, 2.14, 3.2, and 3.28 are a few of
the references from the previous chapters that contain data on conical ribbon parachute drag for F
various applications and configurations. The conical ribbon parachute is probably the most common
design for high-performance applications in the transonic and low supersonic speed range.

16 0 1 09% 0 1 1
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Figure 4.7. Drag area for 1-open 5.27-ft-diameter conical ribbon
parachute with 9-ft-long suspension lines

4.2.3 Hemisflo parachute drag
Transonic and supersonic wind tunnel tests were conducted by Galigher, '24 Deitering and

Hilliard,. 2
' Homan,3  Bloetscher and Arnold,' and Alexander and Foughner"' to measure

hemisflo parachute drag coefficients. Of particular note were Galigher's tests of the 6-ft-diameter and
1.5-ft-diameter F-111 crew capsule stabilization hemisflo parachutes in the AEDC Propulsion Wind
Tunnel 16S at Mach numbers of 0.5 to 2.5. Pederson2 o measured the drag area of 4.1- to 6.8-ft-
diameter hemisflo parachutes at transonic speeds using the USAF sled track at Holloman AFB, New
Mexico. Bloetscher3

.
28 and Bloetscher and Arnold 4' 6 measured the drag area of 16.ft-

diameter hemisflo parachutes in rocket-boosted flight tests at deployment Mach numbers 1.5 to 2.7
(dynamic pressures up to 5155 lb/ft2). Babish3 3° measured the drag of 5-ft-diameter nylon and Kevlar
hemisflo parachutes in sled tests at dynamic pressures up to 6000 lb/ft2 and Mach numbers ,ip to 2.2.
Peterson et al.' 2 and Pepper, Buffington, and Peterson12

' also investigated hemisflo parachutes at
supersonic speeds; their results are presented in the section on forebody wake effects.

4.2.4 Drag of other parachute configurations

Heinrich and Haak 4' 1 made careful drag measurements of 16.6-in.-diameter ringslot parachutes of
varying porosity in a subsonic wind tunnel. Wind tunnel and flight test drag data for ringsail
parachutes are presented by Ewing 3 ' in his comprehensive design manual. Eckstrom,3 "' Bobbitt and
Mayhue, 4 ' Mayhue and Bobbitt,4 ' 8 and Alexander and Foughner12 6 measured the drag coefficients
of disk-gap-band parachutes in wind tunnels at speeds up to Mach 3. Eckstrom3' and Eckstrom and



531

Shock waves

Figure 4.11. Schlieren photograph of hemisflo parachute at M =1.9
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Figure 4.9. Comparison of drag coelficient vs. Mach number
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Figure 4.10. Shape of conical ribbon parachutes at subsonic and
supersonic speeds

The behavior of an inflating parachute is governed by the nonlinear interaction between the flow
field (which includes the forebody wake) and the deformable textile structure. Even though the
detailed fluid dynamic phenomena are not completely understood or accurately modeled, there is
little doubt that these phenomena control parachute performance and behavior. If a supersonic
parachute behaves differently from the same parachute flying at subsonic speeds (as is indicated in
Figures 4.8 through 4.10), then it is reasonable to assume that the differences in parachute behavior
are linked to the differences in the fluid dynamic interactions.

If this premise ;a valid, then any investigation of supersonic parachute aerodynamics should focus
on developing an understanding of how the supersonic flow field around (and through) the
parachute/forebody combination differs from the subsonic flow field around the same parachute/
forebody combination. Figure 4.11 provides insight into the changes in fluid dynamics of the
parachute flow field when the oncoming velocity is increased above the speed of sound. It is a schlieren
photograph of a hemisflo parachute taken in the NASA-Ames Research Center's 9-ft by 7-ft
Supersonic Wind Tunnel at Mach 1.9. The complex shock wave structure and the supersonic jets of
air flowing from between the ribbons of the parachute are evidence of both the complexity of
supersonic parachute aerodynamics and the differences between subsonic and supersonic speeds.
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Shock waves

Figure 4.11. Schlieren photograph of hemisflo parachute at M - 1.9
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Perhaps the greatest aerodynamic changes occur at the skirt of the parachute. At subsonic speeds,
there is a large pressure differential at the skirt (positive outward) that causes full inflation of the
parachute. At supersonic speeds, the shock wave extends from in front of the canopy across the skirt
plane and beyond the canopy, as shown in Figure 4.11. The pressure differential across the skirt is
determined primarily by the pressure behind the shock wave; since the shock wave angle changes very
little in the vicinity of the skirt, it is expected that the pressure differential across the skirt is much ii
smaller at supersonic speeds (when the normal shock wave is present) than at subsonic speeds. This
model would explain why conical ribbon parachutes assume the "partially inflated" shape observed in
wind tunnel and flight tests, and sketched in Figure 4.10.

If the normal shock wave across the skirt of a conical ribbon parachute is indeed responsible for
causing weak pressure differentials across the skirt (with canopy shape change and flutter as the
consequence), then it would seem prudent to attempt to swallow the normal shock wave and contain
it in the mouth of the parachute. If this can be accomplished, a large pressure differential is created
across the skirt: the pressure level inside the canopy is approximately the normal shock recovery
pressure, and the pressure outside the canopy is approximately free-stream static pressure. By
restoring this large (positive outward) pressure differential, the shape of the parachute canopy can be
restored to its normal subsonic shape, the drag coefficient will increase, and flutter damage to the skirt
ribbons will be minimized.

Many of the parachutes designed specifically for supersonic flight attempt to swallow the shock
waves, for the reasons cited above. Figure 4.12 compares the shock wave in front of the conical ribbon
parachute with the swallowed shock wave in the mouth of the supersonic-X parachute (see Babish3"3 ).
Because the shock wave is contained inside the supersonic-X parachute, its inflated shape is stable
and the structure does not suffer flutter damage. The supersonic guide surface parachute (see
Heinrich 4

.
21

-
4
.
23) also attempts to contain the shock wave inside the canopy mouth, but it does so by

using a conical centerbody as a shock generator (Figure 4.13). In order to swallow the shock wave, all
of the mass entering the parachute must pass through the parachute. Consequently, these special
supersonic parachutes are constructed with higher canopy porosity than is used for subsonic
configurations. They also are designed to allow less air to pass out of the canopy at the skirt, so that
the positive pressure differential at the skirt will cause the skirt to remain fully inflated. In essence,
these specialized supersonic parachutes are based upon the same principles used to design the diffuser
section of a supersonic wind tunnel.

Unfortunately, the ratio of inlet (skirt) area to outlet area (vent area plus canopy porosity) needed
to swallow the shock wave is a function of Mach number. Therefore, these supersonic parachutes
perform well over a limited range of Mach numbers, but at lower Mach numbers their performance is
reduced because the shock is disgorged. Drag efficiency is usually lower than that of the conical ribbon
parachute at subsonic speeds, because of the high porosity designed into the canopy (see Figure 4.8).
If good drag efficiency is required at both supersonic and subsonic speeds, conical ribbon or hemisflo
parachutes may be preferable to special supersonic parachutes.

Lingard, Barnard, and Kearney424 conducted a detailed study of 20-degree conical ribbon, equiflo,
hyperflo, supersonic-X, and ballute decelerators at Mach numbers between 0.5 and 4.35 to provide
comparative performance data for design purposes. From their results and the work of others, 1.2,3.22.4.20

it can be concluded that none of these parachute configurations is to be preferred over the other
configurations at all Mach numbers between 0.5 and 4.35. Each canopy type performs well at some
Mach numbers but not at others. Variations in drag coefficient, inflation performance, stability, and
flutter among these parachutes were significant. All data indicate that the designer must select a
parachute configuration based on its performance across the full Mach number range that the
parachute will experience in flight, not just the Mach number at deployment. Special configurations
developed specifically for supersonic flight should be chosen if operational emphasis is focused on that
speed regime. If both supersonic and subsonic performance is important, the parachute designer
should consider more traditional configurations, such as conical ribbon and hemisflo parachutes.

Parachute designers must be careful how they apply supersonic parachute drag data from the
literature to specific systems, even when they use quality data from the references cited in this section.
The reason for caution is that the drag of the parachute is not solely determined by parachute
parameters, but also by for~body parameters such as forebody shape, diameter, and proximity to the
parachute canopy. If published test data were obtained using different forebody diameters and shapes
than is planned for the new application, the designer should not expect these data to apply directly
to the new system. Consideration of forebody wake effects on parachute drag, especially at supersonic
speeds, is a prerequisite in designing a supersonic parachute system.
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4.2.6 Effects of forebody wake on parachute drag

The drag and stability of high-performance parachutes may be strongly influenced by the
character of the wake from the forebody that flows into the parachute canopy (Figure 4.14). The
aerodynamic drag of the forebody causes the ferebody wake to have reduced streamwise velocity and
dynamic pressure relative to the free-stream (undisturbed) airflow. The low-momentum air in the
forebody wake flows into the parachute canopy and, depending on the drag of the forebody and the
diameter of the canopy relative to the wake diameter, the resulting loss in parachute drag due to the
oncoming wake may be significant. This is particularly true for parachutes whose inflated diameter is
comparable to the diameter of the forebody wake. Most forebody wakes are turbulent at the
operational flight conditions when high-performance parachutes are deployed.

Skirt plane C

Suspension li e dgs

UB

* Forebody

Turbulent wake:
- Generated by forebody
* Characterized by lower streamwise velocity

and dynamic pressures than are found in
free-stream (undisturbed) air

• Flows into parachute canopy

Figure 4.14. Description of the interaction between the parachute
and the forebody wake

Any analysis for predicting the wake-induced parachute drag loss must contain a model of the
turbulent wake velocity distribution and a method of predicting how that velocity distribution affects
the performance of the parachute. Both of these tasks involve complex and, in the case of turbulence,
unsolved problems in fluid mechanics. There are no completely analytical descriptions of the
turbulent wake for which simplifying assumptions have not been made. Yet, parachute designers need
a method for calculating the reduction in parachute drag caused by the forebody turbulent wake, in
order to obtain an efficient parachute system. Current analytical (albeit approximate, empirical, or
both) wake-effect design methods, along with samples of experimental wind tunnel data, are
presented here for both subsonic and supersonic flows. Comprehensive discussions of the effects of
forebody wakes on the drag of parachutes are also given in the 19632.1 (pp. 205-211) and the 197811
(pp. 278-283 and 373-375) USAF Parachute Design Guides.

4.2.6.1 Effects of forebody wake at low speeds

Several approximate, semiempirical formulations4 
25-4.31 have been developed for the incompress-

ible, turbulent, axisymmetric forebody wake with no axial or radial static pressure gradients. In order
to obtain a closed-form solution for the velocity defect u(Z,R) in a turbulent wake, it is assumed that
the velocity defect on the wake centerline, u(Z,0), is small compared to the free-stream velocity. This
assumption is valid only at distances many forebody diameters downstream of the forebody base.
Similarity solutions are postulated for the wake width b(Z), the radial coordinate R, and u(Z,0).
Assumptions about turbulent mixing lengths are also made. A complete derivation of the governing
equations is given by Peterson and Johnson.4 3 2 The resulting linearized equation for the streamwise
velocity defect distribution in the turbulent wake is presented below in the form used by Heinrich and
Eckstrom:4 

29

u_ a -rexp (4.2)
UB (Z/Du e 0.435. k2 .(Z/D 13)j '
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where

U = UB- U(Z,R) (4.3a)

m = 0.85 (4.3b)

n = 0.47 (4.3c)

a =0.42 exp(0.99 * CDB) (4.3d)

k = 0.54 exp(0.84 • CDB) (4.3e)

and
R

r = R-- . (4.4)

In these equations, UB is the free-stream velocity, U(Z,R) is the axial velocity anywhere in the wake,
Z is the physical dimension in the axial direction, and R is the physical dimension from the wake
centerline in the radial direction. DB is the forebody diameter, RB is the forebody radius, and CDB is
the forebody drag coefficient. The parameter H is an empirical constant that is defined using
experimentally determined values of velocity defect on the wake centerline. Heinrich and Eckstrom4 29
have used the following empirical expression for H:

H - nk(Z/DB)m+n- 1  (4.5)
9.20a

Heinrich and Riabokin4 27 recognized that the reduction in parachute drag is directly related to
the reduction of dynamic pressure in the turbulent forebody wake. Etherton, Burns, and Norman4 33

integrated the equation for the dynamic pressure distribution over the area of the inflated canopy to
obtain the effective average value of dynamic pressure acting on the parachute. They assumed that the
ratio of actual parachute drag CD (with the forebody wake flowing into it) to the ideal parachute drag
C[),. (with no forebody wake effects) was equal to the effective dynamic pressure q~ff acting on the
canopy divided by the free-stream (undisturbed) dynamic pressure q.o. The effective dynamic
pressure is found by integrating q from the wake centerline (R = 0) to the skirt of the inflated canopy
(R = Rd.

CD _ qeff - 21 ( u) 2 _RdR (4.6)
ell 1- . 7rRp f, u 2 d

Substituting Eqs. 4.2 through 4.5 into Eq. 4.6 provides an approximate equation for estimating the
drag loss caused by forebody wake effects:

C~
C r 1+  g [I- exp(g . rp2) + f exp(2g, rp)2) - f (4.7)CD,_ rp2 144

where
a

f (4.8a)(Z1D 3)
m

and

-1.0
g = 0.435 k2 . (Z/DB)Y" (4.8b)

Peterson and Johnson4 32 conducted an experiment in a low-speed wind tunnel to evaluate existing
approximate analytical methods for predicting the reduction in drag caused by forebody wake effects.
The drag of a 15-in.-diameter, 20-degree conical ribbon parachute was measured at several axial
stations behind a 4.5-in.-diameter ogive-cylinder forebody with and without fins. The parachute was
tested at five different axial distances behind the foiebody. The tests were made at forebody angles
of attack of 0, 10, and 20 degrees.

Parachute drag was measured with an axial force balance located in the aft section of the forebody
model. Photographs of the parachute were taken to measure the inflated canopy position, the angle
of the suspension lines, and the X and Y dimensions across the canopy skirt. These data were used to
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determine the amount of forebody wake that flowed into the parachute. The same parachute was
tested in "undisturbed flow" (where wake effects were negligible) so that the effects of suspension line
length on parachute drag could be separated from the drag losses caused by the turbulent wake.
Surveys of total head pressure were made across the forebody wake at these same axial stations and
integrated across the canopy skirt area to determine the effective dynamic pressure acting on the
parachute.

The measured velocity distributions in the forebody wake were compared with the predictions of
Heinrich and Riabokin4 27 and Heinrich and Eckstrom 429 for all zero angle-of-attack data. A typical
comparison is given in Figure 4.15. The poor agreement between the experimental velocity data and
both predictions (using their empirical constants) points out a major weakness in the parachute drag
loss analysis. The simplified equations for the velocity distribution in the turbulent wake, upon which
the drag loss analysis is based, do not provide good predictions of velocity across the wake for an
arbitrary forebody shape. However, if wake measurements are available, better agreement can be
obtained by adjusting the empirical constants. The empirical constants in the expressions for m, n, a,
and k (Eqs. 4.3b through 4.3e) were modif d to provide optimal agreement with velocity defect
measurements in this experiment:

m = 0.64 (4.9a)

n = 0.33 (4.9b)

a = 0.51 . exp(2.02 • C)B) (4.9c)

k = 0.85 . exp(0.65 CDB) . (4.9d)

With these modified constants, Heinrich and Eckstrom's4 29 analytical wake velocity defect profiles
showed acceptable agreement with measured profiles (Figure 4.15).

0.5 1 I I I I

Heinrich and Riabokin (Ref. 4.27)
.. - -- Heinrich and Eckstrom (Ref. 4.29)

0.4 ......... Heinrich and Eckstrom, modified
constants (Ref. 4,29)

0 Data
0.3

0.2- 0.

0. -

0.0 , I , I , I , I , ' -

0.0 0.2 0.4 0.6 0.8 1.0 1.2
R/RB

Figure 4.15. Velocity distribution across the turbulent wake at
4.83 body diameters downstream

Typical measured values of parachute dag loss due to the forebody wake are compared with
effective dynamic pressure ratios from wake surveys in Figure 4.16. The excellent agreement confirms
that parachute drag loss is proportional to the reduction in effective dynamic pressure acting across
the canopy. Using empirical constants determined from wake surveys, the modified Heinrich and
Eckstrom 42 9 method produced good agreement with drag loss measurements. One can conclude that
accurate estimates of wake-induced parachute drag can be obtained from existing theory if wake
velocity profiles are known and the empirical constants used in theoretical models of turbulent wake
are adjusted accordingly.
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Figure 4.16. Comparison of measured parachute drag loss due to forebody with theory

4.2.6.2 Effects of forebody wake at supersonic speeds

Figure 4.17 is a sketch of the interaction between the forebody wake and the parachute system at
supersonic speeds. As discussed in the last section, experiments and analyses conducted at subsonic
speeds have shown that the momentum defect in the forebody wake can cause reductions in parachute

drag. Parachute drag loss due to forebody wake is usually greater at supersonic speeds than at
subsonic speeds, because the momentum defect of the supersonic wake is usually significantly larger
than the momentum defect of the subsonic wake. A second reason is related to the higher dynamic
pressures associated with supersonic flight. These high dynamic pressures usually restrict the size of
the parachute so that the parachute can survive. As a result, many supersonic parachutes are
constrained to approximately the same size as the diameter of the forebody wake. When D,/Dn 1,
drag loss due to effects of forebody wake is larger than for D,/Dj >> 1.

Viscous 
wake,

Inviscid wake Deceleration bow shock

Forebody how shock

M>>I- Forebod Trailing parachute

Recompression shock

Figure 4.17. Forebody and trailing decelerator flow field
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A comprehensive discussion of th~e effect of forebody-induced wakes on parachute drag at
transonicand supersonic speeds is given in the 196321 (pp. 211-224) and the 1978 17 (pp. 283-286 and
375-378) USAF Parachute Design Guides. Reference 1.7 cites 41 wind tunnel test programs in which
the decelerator performance was measured in a body wake. Typical parameters that were varied
during these tests included Mach number, decelerator trailing distance, body-decelerator diameter
ratio, and decelerator porosity.

'The supersonic wake behind slender forebodies is shown in Figures 4.17 and 4.18. The near wake
(with an internal free-shear layer) is the region of recirculation between the base of the forebody and
the downstream location where the wake core necks down to its minimum thickness. The far wake is
the region aft of the core neck that spreads in a rather uniform manner downstream. The 1963 USAF
Parachute Design Guide"' develops approximate equations (again based on similarity assumptions)
that describe the far wake behind the forebody. These equations can be used to compute the
approximate average dynamic pressure in the wake that a parachute would experience. This approach
is the same as that used to estimate drag reductions in subsonic wakes.

Bow hok Expansion fan Inviscid outer wake

Wake recompression shock

Boundary layer Free-shear layer Turbulent viscous

Forebody inner wake (far)

Neck

Riser lineJ/ _Laminar sublayer

Recirculating base flow,/ \ -Rear stagnation point
near wake

Figure 4.18. Turbulent wake in presence of riser line

In 1968, Nerem and Henke'"' developed a momentum-integral theory for the turbulent
axisymmetric far wake; the viscous wake profiles compared favorably with wind tunnel wake data.
They also made supersonic wind tunnel drag measurements of parachutes in turbulent wakes. They
concluded that, from a fluid mechanics viewpoint, the general features of the wake behind a high-
speed body in the absence of any trailing decelerator are well understood. However, the presence of
a decelerator in such a wake may alter the characteristics of the forebody wake because of the presence
of the decelerator, the suspension lines, and the risers. Intuitively, the interaction can be expected to
depend on both forebody wake characteristics and parachute characteristics. Nerem and Henke
sought to define the extent of the alteration of the upstream wake by the decelerator. They showed
that the supersonic turbulent wake behind the forebody is not significantly disturbed when the
trailing decelerator is placed in the far wake. They obtained reasonable agreement between their
numerical far-wake solutions using the momentum-integral method and Mach 5 wind tunnel data
behind a wire-supported, 9-degree half-angle cone model.

Henke4 "' conducted wind tunnel tests at Mach numbers between 2 and 5 of a parachute located
4.5 to 8 forebody base diameters (X/D) aft of a cone-cylinder-flare forebody, shown schematically in
Figure 4.17. The forebody was a 0.182-scale model of the Arapaho C free-flight test vehicle. Tests were
made at ratios of canopy area to forebody base areas (A,/AB3) of 3.4 and 5.9. The Parasonic parachutes
(members of the hyperflo family of supersonic parachutes) used in this test were constructed with an
uninflated shape that approximates the fully inflated shape of the standard hyperflo parachute (see
Figure 4.13).

The Parasonic parachute data (Figure 4.19) show the typical decrease in drag coefficient with
increasing Mach number. Note that the drag data also depend on the distance from the parachute to
the forebody base. The minimum axial distance between the canopy and the base of the forebody
(4.5 body base diameters) was found to be a critical location; when the canopy was located closer to
the forebody base than this distance, severe wake deformation resulted. In some cases, the
modification to forebody wake characteristics was so severe that the wake was considered to be
"blown." In this "blown" wake condition, the flow separates from the forebody before it reaches the
forebody base. The entire flow field between the forebody and the parachute is subsonic, enabling

., .-



61

most of the oncoming airflow to pass around (rather than through) the canopy. An extremely low
parachute drag coefficient results from this situation.

At canopy inlet locations greater than 7 body base diameters aft of the forebody base, the
oscillation stability of the parachute was found to be very time-dependent; at times, the motion
became divergent. It was concluded that, from a combined wake and stability standpoint, the
optimum location of the canopy inlet was approximately 6 body base diameters downstream.
Parachute designers should note that this result applies to the specific experiments conducted in
Reference 4.34. The optimum location of a supersonic parachute behind the forebody is a function of
forebody shape and size, parachute type and size, Mach number, and Reynolds number. Data from
specific experiments are useful guidelines but not assurances of success when applied to other systems,
forebodies, and flight regimes.

SymbolX/D

0.9 A 6

0.7

0.5

0.3 -

0.11
0 2 3 4 5

Mach number

Figure 4.19. Drag coefficient vs. Macb number, Arapaho C with
nose cone forebody, A/A,3=3.4 (takcr from Ref. 4.35)

Babish" defines a critical trailing distance beyond which there is no modification of the body
base flow region by the decelerator. His empirical evidence shows that, for any practical body-drogue
combination, the critical trailing distance is not likely to exceed 7 body base diameters. This distance
is frequently used for the design of subsonic and supersonic systems. Another "rule of thumb" design
criteria successfully used at Sandia for many parachute systems is to place the canopy 11 body
diameters downstream of the forebody. McShera4'3 7 measured the total and static pressures in the
wake of a 2.38-in.-diameter cone cylinder at 0.21 to 7.6 forebody diameters downstream at wind tunnel
test Mach numbers of 2.30 and 4.65. He concluded that a decelerator should be located at least
7.5 body diameters downstream to minimize the unsteady flow effects, especially in the near wake.

A complete discussion of wake flow at subsonic, supersonic, and hypersonic speeds of laminar and
turbulent near and far wakes, including the mathematical modeling, is presented by Chang."35

Noreen, Rust, and Rao4  ' developed a method for calculating the flow-field characteristics of a body-
decelerator system in supersonic flow. The flow around the forebody, the forebody wake, and the flow
around the decelerator are considered separately. Numerical solutions were generated for the flow
field about a cone-cylinder body at a Mach number of 3. The analysis used for the decelerator extends
axially from the upstream tip of the decelerator downstream to its apex. The wake of the decelerator
is not included in the analysis; hence, the base pressure coefficient of the parachute must be obtained
from another source to obtain a complete pressure distribution for a drag coefficient calculation.
Results of the decelerator analysis were compared with experimental surface pressure and shock shape
data obtained in a wind tunnel test of a 30-degree, half-angle cone decelerator model. Differences
between calculated and measured values of -10% were observed. Lau4 4 developed a theory for
analyzing a supersonic wake for decelerator applications. He correlated this theory with wind tunnel
data (including McShera's) and, qualitatively, with shallow-water tow channel test results.

Babish4 41 proposed the idea of supersonic drag-level staging by deploying the decelerator in the
near wake. In this approach, the parachute would modify the base flow by producing a divergent or
blown wake, thereby lowering the drag. Drag-level staging was intended as a concept to replace
mechanical reefing. He conducted subsonic and supersonic scale-model wind tunnel tests and made
trajectory calculations to demonstrate the feasibilty of the concept. While the principles underlying
this concept are valid, the loss in drag can be accompanied by unsteadiness of the wake flow, which
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could cause flutter damage and reduce the reliability and repeatability of such a parachute system;
these problems were observed in M=2 tests of ribbon parachutes located 4.6 diameters behind the
forebody."2 The authors are not aware of any full-scale system applications of Babish's concept.

Pepper, Buffington, and Peterson3 '22 conducted comprehensive tests of hemisflo and 20-degree
ribbon parachutes with several forebody shapes in the NASA-Ames 9-ft by 7-ft Supersonic Wind
Tunnel in 1986. The purpose of this test series was to evaluate the effects of forebody shape and
diameter, parachute porosity and reefing, and Mach number on parachute drag and stability. In
addition, these experiments sought to define the influence of test technique, forebody mounting
system, and parachute attachment method on supersonic wind tunnel parachute drag, in order that
the validity of these and previous wind tunnel measurements of supersonic parachute drag could be
assessed.

Hemisflo and 20-degree conical ribbon parachutes were initially tested in the Ling-Temco-Vought
(LTV) Low-Speed Wind Tunnel prior to the NASA-Ames test in order to measure subsonic drag
coefficients. The measured drag coefficient of both the 10% and 20% porosity ribbon parachutes was
0.45. At NASA Ames, they were tested at nominal Mach numbers of 1.55, 1.71, 1.86, 2.06, and 2.53.
The diameter of these model parachutes was 15 in. The two ribbon parachutes (of 10% and 20%
porosity) and the hemisflo parachute were tested with suspension lines (LsL) 15 in. and 30 in. long,
respectively. The parachutes were tested both reefed and full-open; the length of the reefing line was
53% of the constructed canopy circumference.

Several forebody shapes (with diameters ranging from 3.2 to 5.9 in.) were tested to generate
different forebody wake structures that flow into the parachute canopy. Both boattail and ogive-
cylinder forebody models of varying diameters were used to assess the effects of forebody wake on
supersonic drag; the "boattail forebody" model consisted of fore and aft boattails and either a flat or
an aero-streamlined nose. Detailed photographic data (using still photography, motion pictures,
high-speed video, -rid schlieren photographs) were taken at each Mach number and for each
forebody/parachute configuration. Wnioxt photographic data it would not have been possible to
identify test runs where reflected she'rk wavEs (see Figure 4.20) or suspension line rollup invalidated
the data.

Pepper, Buffington, and Pet.:,s',n 22 ndxL,'te that the drag of both hemisflo and conical ribbon
parachutes was lower at supersonic speeds thaa 8 low subsonic speed3 hehind all forebodies. Hemisflo
parachutes provided higher drag atid better canopy ALability than the Ldnical ribbon shapes. It was not
possible to determine whether the differcnc"! in anopy shape or in suspension line length was
responsible for the better perforyrance of lbe iVemiflo parachutes. Porosity changes (10% to 20%) did
not significantly change tht Jrag of the coni(al .ioL on parachute (Figure 4.21). Reefing the conical
ribbon parachutes did not cause significaut hango. in drag because the inflated diameter of the
full-open parachute was nearly tsr- same as rOe reeivd diameter. Reefing the hemisflo parachutes
caused substantial reductions ;It drag.
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0.38 Last data point

Reflected shock hitting
0.34 - skirt of L-inopy

0.30 -Hemisflo ,arachute

Lsl,/D =2.0
12% Geometric porosity

0.26 - No reefing
4.5-in.-dia Ogive-cylinder forebody
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Figure 4.20. Effects of forebody's reflected ',o-., wave impingement

on the model parachute drag measurements
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Figure 4.22 shows that changes in the forebody diameter caused major changes in drag of the
ribbon parachute. For example, the parachutes inflated to a smaller diameter and exhibited more
dynamic motion (squidding*, shape changes, and angular motion) behind a larger-diameter forebody,
thereby resulting in lower drag. These tests confirmed that the influence of the forebody wake on
parachute drag is greater at supersonic speeds than at subsonic speeds. They also proved that it is very
difficult to obtain valid wind tunnel parachute drag measurements at supersonic speeds.

0.28 1 I I I I I
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Figure 4.21. Effects of canopy porosity on drag coefficient
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Figure 4.22. Effects of forebody diameter on conical ribbon parachute drag

4.2.7 Reefed parachute drag

Temporary reefing, using one or more stages, is a method of sequentially controlling the drag area
of a parachute canopy to limit the maximum structural loading of the parachute. Skirt reefing, with
one or more reefing lines pas3ing through reefing rings attached to the skirt band of each gore at a
suspenXon line juncture, is most ommonly used for high-perforniance systems. The reefing lines are

* Squidding is defined on page 80.

rl
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passed through reefing line cutters, which consist of a pyrotechnic or an electronic timer along with
an explosively driven cutter knife to sever the reefing line. After a preselected time, the cutter fires! and the knife severs the reefing line, allowing the parachute canopy to open fully or to the next reefed
stage. By limiting the inflation loads, temporary reefing allows the parachute to be constructed from

lighter materials, thereby minimizing the packed parachute weight and volume.

Permanent reefing is similar to temporary reefing in implementation, except that the permanent
reefing line is not cut; it remains as an integral structure of the parachute. Permanent reefing serves
several purposes. A small amount of permanent reefing will usually increase the stability of a
parachute. Permanent reefing may be used as an overinflation control line, which allows the parachute
to open fully but prevents overinflation with the accompanying higher aerodynamic loading. A third
use of permanent reefing is to minimize canopy collapse due to the overtaking wake (see Johnson and
Peterson3 6).

Parachute skirt reefing was developed at the Forschungsanstalt Graf Zeppelin in Germany in 1941
(see Knacke 2

.
2-

1
2

.
44 42) for better control in limiting aircraft diving and landing/approach speeds.

References that describe reefing of high-performance parachutes (especially ribbon canopies) are
Knacke,' 4

.
42' 4

.
43 the 1963 Parachute Design Guide, 2 and Ewing, Bixby, and Knacke. l 7 These

references also provide data on reefed parachute drag coefficients. Riffle" ' conducted an extensive
wind tunnel test of 18-in.-diameter models of reefed parachute canopies to measure drag and static
stability. His data (see Table 4.1) for flat circular ribbon, 20-degree conical ribbon, ringslot, hemisflo,
and ringsail canopies are directly applicable to high-performance parachute systems.

Table 4.1. Drag Coefficient and Comparative Static Stability of
Reefed Parachute Canopy Model (taken from Ref. 3.23)

Geometric /dC
Porosity CDa

Canopy Type D/Dc (%) 0  \ da/ a=0

Flat circular ribbon 21.60 0.500 -0.0016
0.466 0.365 --0.0018
0.366 0.272 -0.0044
0.282 0.197 -0.0070
0.172 0.094 -0.0098

200 Conical ribbon 21.48 0.533 -0.0012
0.466 0.365 -0.0014
0.366 0.280 -0.0052
0.282 0.205 -0.0109
0.172 0.115 -0.0063

Ringslot 17.48 0.521 -0.0030
0.466 0.355 -0.0040
0.366 0.272 -0.0111
0.282 0.186 -0.0077
0.172 0.115 -0.0092

Hemisflo 19.70 0.466 -0.0103
0.466 0.406 -0.0133
0.366 0.300 -0.0126
0 282 0.168 -6.0330
0.172 0.090 -0.0100

Ringsail 8.85 0.540 -0.0034
0.417 0.350 -0.0034
0.328 0.260 -0.0034
0.252 0.200 -0.0035
0.154 0.100 -0.0040

where
DD=, 18-in. constructed diameter of parachute
D, =diameter of circle formed by reefing line

- !Iv inflated
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Sandia National Laboratories has conducted several subsonic w,iu tunnel tests of reefed, conical
ribbon parachutes. McVey, Pepper, and Reed4'4 measured the effects of porosity, reefing line length,
and suspension line length on the drag and inflated shape of a 3-ft-diameter, 20-degree conical ribbon
canopy. Figure 4.23 illustrates the effects of reefing line length (Lr/Dc) and porosity on tne drag
coefficient. They noted that the suspension line length had only a minor effect on the drag coefficient
of the reefed canopy. Purvis4 measured the effect of number of gores and reefing line length on the
drag coefficients of 5-ft-diameter, 10% porosity ringslot and conical ribbon canopies. Figure 4.24
illustrates these effects for the ribbon canopy. Baca 44 measured the effect of riser length and number
of parachutes in a cluster (up to eight) on the cluster drag efficiency of 15-in.-dianieter conical ribbon I I
canopies reefed with a 15-in.-long line. His results (Figure 4.25) show that reefed cluster drag was
greater than the drag of a single reefed parachute for certain riser lengths.

0.5 - L,/Dc -
S.fl 0 0.505

0
0.4 v 0.35.

o 0.178

0 0.2

g 0.1

0 I I I I 1

0 15 20 25 30 35 40
Computed geometric porosity (%)

Figure 4.23. Drag coefficient based on constructed diameter vs.
geometric porosity
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Figure 4.24. Gore effects on a 5-ft-diameter, 10% porosity,
40-ribbon reefed canopy
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Figure 4.25. Cluster efficiency factor for reefed ribbon parachutes

Reefed parachute flight test drag data for high-performance ribbon parachutes were meas'ired by
RosenloOt 1 in 1958. He conducted 37 aircraft drop tests of 12-, 16-, 20-, 24-, 32-, and 40-ft-diameter
flat ribbon parachutes (full-open and reefed to approximately 10%, 30%, and 60% of the full-open
drag area). He measured the terminal rate of descent and the resulting drag area. Rosenlof obtained
a good correlation of reefed drag coefficient with reefing ratio for all six parachutes.

Holt 4 11 conducted 21 high-altitude aircraft drop tests of a 76-ft-diameter conical ribbon para-
chute (with two stages of skirt reefing) attached to 20,000- to 45,000-lb test vehicles. The reefing line
length, and reefing line cutter time delays were 35 to 45 ft and 75 to 90 ft and 4 s and 10 s for the first
and sec, nd stages, respectively. He measured the drag area of both reefed stages, as well as for the
full-open parachute in terminal descent.

Pepper" conducted three rocket-boosted tests of a 20-ft-diameter conical ribbon parachute
(skirt-reefed for 2 s with a 12-ft-long line) deployed from an 1100-lb test vehicle at dynamic pressures
of 4700 to 5700 lb/ft2 (Mach 2.29 to 2.43). He measured a reefed drag area of -35 ft2 and noted that
this value was essentially constant over the Mach range of 0.44 to 1.92. He also presents a correlation
plot of drag area reefing ratio versus reefing line length ratio for wind tunnel and flight data. Maydew
and Johnson'' conducted 29 rocket-boosted and aircraft drop tests of a 22.2-ft-diameter conical
ribbon parachute (skirt-reefed for 0.5 s with a 15.5- or 19.25-ft-long line) deployed from a 2100-lb test
vehicle at dynamic pressures up to 2723 lb/ft2 (Mach 1.7). The reefed drag area is shown in Figure 4.26
as a function of Mach number. Lr is the reefing line length. These data also indicate that the reefed
dl-ag area is invariant from Mach 0.5 to 1.5. During the design of the 54-ft-diameter conical ribbon
drogue parachute for the Space Shuttle Solid Rocket Booster recovery system, Utreja4'5 correlated the
reefed, drag area data from Riffle's 3 

23 wind tunnel tests and the flight tests by Holt4 4 and Maydew
and Johnson.' ' This correlation of drag area ratio as a function of reefing ratio is shown in Figure 4.27.
The subscript r indicates reefed, and Xg is the geometric porosity.

Buhier and Wailes4 ' designed a cluster of three 69.8-ft-diameter ringsail parachutes with one
stage of mid-gore reefing for the B-i Crew Module. They measured drag area ratio as a function of
reefing line ratio from several full-scale drop tests. These useful design data are presented in their
paper.
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Figure 4.26. Steady-state drag areas for reefed parachutes
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Figure 4.27. Effect of reefing ratio on drag coefficient (taken from
Ref. 4.5)

4.2.8 Parachute cluster drag

Multiple parachutes may be deployed together in clusters to meet special system requirements.
Clustered parachutes inflate more rapidly than a single parachute of comparable drag area. Clustering
allows the use - the same type of parachute for a wide range of loads. Clusters may be used to provide
redundancy or backup parachutes, in case other parachutes in the cluster fail. Knacke' 8 and Peterson
and Johnson' " d,scuss advantages and some of the disadvantages of clusters.

Cluster interference effects are discussed in the 1963 USAF Parachute Design Guide 2.' and by
Braun and Walcott, 4" Heinrich and Noreen, 4

4 Pepper,"' Ewing, Bixby, and Knacke,' Moog,
Sheppard, and Kross,' 2 Moog, Bacchus, and Utreja,°4 5 Heinrich and Schmitt,' 5 Baca,'44 and
Knacke.' 8 Braun and Walcott4'47 measured the drag of ringslot and ribbon parachutes of different
porosities ir clusters of two to seven canopies in a subsonic wind tunnel. Their data showed that the
number of canopies, the riser line length, and the angle of attack (up to 25 degrees) had only a small
effect on the drag coefficient of clustered canopies. On the other hand, Heinrich and Noreen 4 48

measured a 22 % decrease in drag for a four-canopy cluster compared to a single canopy in subsonic
wind tunnel tests of a 16-in.-diameter ringslot parachute.

Moog, Sheppard, and Kross 4
12 and Moog, Bacchus, and Utreja 4 50 present scale-model wind

tunnel and flight drag data for the cluster of three 115-ft-diametei ribbon parachutes for the Space
Shuttle Solid Rocket Booster recovery system. Figure 4.28 shows that the drag efficiency for the full-
open cluster is -0.95, whereas the drag efficiency at various reefing ratios (L,/D o) is >1. The wind
tunnel data for the reefed canopies show a higher drag efficiency than the flight data. Ls, i, the length
of the suspension lines.

Baca4 4 , conducted a comprehensive subsonic wind tunnel test to measure the effect of riser line
length and number of canopies in the cluster (two to eight) using a 15-in.-diameter conical ribbon
parachute, both reefed and full-open. Figure 4.29 illustrates typical data, showing the decrease in drag
efficiency as a function of number of canopies and length of risers for full-open canopies. Baca's data

-Ji
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for reefed parachutes (Figure 4.25) show the same trends as Moog's results. Knacke" s compared
Baca's vind tunnel data on 1.25-ft-diameter ribbon parachutes with Apollo flight data for 88- and
129-ft-diameter ringsail parachutes, He found a good correlation of drag loss as a function of number, of canopies. Moog, Bacchus, and Utreja '50 reported that the Apollo ringsail parachutes, which have

a geometric porosity of 12%, experienced a drag loss of about 6%.

In summary, most drag data for cluster parachutes show a decrease in drag efficiency for full-open p
porous canopies and either an increase or a decrease in drag efficiency for reefed porous canopies,
depending on the number of canopies and length of the risers. The cited references may be used to
estimate the drag of a cluster from single-canopy drag data.
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Figure 4.28. SRB main parachute (115-ft-dia) reefed and full-open
cluster efficiency (taken from Ref. 4.50)
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4.3 Canopy pressure distribution

Most of the drag generated by a parachute is created by the pressure differential between the
upstream (concave) and downstream (convex) sides of the canopy. The magnitude of the drag (and
therefore the performance of the parachute) is largely determined by the magnitude and distribution
of pressure differential across the canopy. Brown 452 derived the relationship for the component of
parachute drag resulting from the differential pressure distribution p, which is assumed to be known
everywhere on the canopy:

Dpressure = JJ P - cosO . dS .(4.10)

In Eq. 4.10, 0 is the angle between a line tangent to the canopy at any location on the surface and a
line perpendicular to the parachute axis. dS is the elemental surface area of the canopy at the same
location.

In addition to being the dominant force in establishing parachute drag, the canopy pressure
distribution also determines the stability of the canopy, and it must be known in order to predict
stresses throughout the canopy material during the inflation process. Unfortunately, canopy pressure
distributions are difficult to predict or measure because they depend strongly on the rapidly changing
shape of the inflating canopy, canopy type and porosity distribution, velocity of flight, and
deceleration history. Parachute designers must rely on both analysis and experimental data to predict
the canopy pressures expected for each new parachute configuration and application. Analytical and
experimental methods for determining the steady-state pressure distribution over a canopy are
discussed in this section. Numerical methods for predicting canopy pressures are discussed in
Chapter 5.

4.3.1 Analytical methods for predicting canopy pressure distributions

Since most of the parachute drag is caused by the differential pressure distribution across the
canopy, rather than by the friction of the air flowing over the parachute, analytical methods for
predicting canopy pressure distributions have neglected viscous effects. The flow is considered to be
an ideal inviscid fluid, which was started from rest and is therefore irrotational at all times. With these
assumptions, a velocity potential 0 is defined to satisfy the linear Laplace equation within the domain
of the flow:

120 = 0 (4.11)

The flow velocity U is
U = '7 (4.12)

and the boundary condition on the canopy surface equates the known velocity through the canopy to

the derivative of 0 normal to the surface:

a¢/ln= U. fn, (4.13)

Cockrell I" gives a concise summary of potential flow analytcal methods for calculating the steady-
state canopy pressure distribution.

Ibrahim1 analyzed the steady potential flow about an idealized parachute using conformal
transformation techniques. Thin-walled, rigid cup shapes are used instc.d of an actual parachute
shape to permit derivation of an exact analytical expression for the velocity potential. Ibrahim
compares the velocity distributions of a shallow spherical cup, a hemispherical cup, and a deep
spherical cup (on both convex and concave sides) with that of a sphere. His analytical solution for the
nondimensional velocity distribution V/V 8 on the cup is

f F BB" + B- 2cos(- ' sin(2

V _ co~s0_ {3tan-'[( - ----9.c( )( + (q2) 2+3sin4 cosfl1v,, 3  Lt +-B- > co(Y) -2( + -s ) (4.14)

where the upper and lower signs in Eq. 4.14 correspond to the convex and concave sides of the cup,
respectively. The angles 0 and 0 are shown in Figure 4.30. The parameter B in Eq. 4.14 is

1 - sin(#-0)B =1 +sin(0 +0) (4.15)
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Figure 4,30. Velocity distribution on a spherical cup

Klimas 4' '3 modeled the parachute canopy as a series of vortex rings, enabling him to include the
effects of geometric porosity on canopy pressure distribution. Calculated internal surface canopy
pressures agreed fairly well with measured wind tunnel values. His method cannot predict pressures
on the convex side of the canopy because the flow there is separated and rotational. Klimas' " used
this same vortex method to calculate the convex and concave side velocity distributions over a
hemispherical cup, which agreed exactly with Ibrahim's' 9 calculations (Figure 4.31). He also
calculated the pressure distributions over 10% and 25% geometric-porosity ribbon parachutes (for
incompressible, inviscid flow) and compared these with wind tunnel-measured pressure ,distributions
of scale-model ribbon parachutes. A comparison for the 25% porosity parachute is shown in Figure
4.32. The pressures agree fairly well from the skirt region around the canopy until the probable flow
separation region is reached (about 30% of the distance from the skirt to the vent); as expected, the
inviscid model breaks down in the separated flow region.
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Figure 4.31. Velocity distribation on hemispherical cup
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Figure 4.32. Comparison of measured and calculated canopy pressure distri-
bution (oo is free-stream)

Roberts 45 S developed an approximate theory for predicting the pressure distribution over porous
disks. He also made systematic measurements of pressure distribution over a series of slotted
9-in.-diameter disks in a low-speed wind tunnel which he compared with his and other theories.
Muramoto and Garrard4 - mathematically modeled the pressure field about a ribbon parachute in
steady descent by replacing the canopy with a continuous distribution of axisymmetric ring sources.
The numerical solution for differential pressure across the canopy is compared with wind tunnel
pressure data in Figures 4.33a and 4.33b for 20% and 30% geometric-porosity parachutes. Again, the
agreement is good near the skirt region but breaks down near the vent region where the increase in
geometric porosity causes flow separation.

I /~Numerical solution

1.2

Q Wind tunnel data

0.4

0 0.2 0.4 0.6 0.8 1.0
Nondimensional coordinate along canopy profile

from vent to skirt
Figure 4.33a. Calculated and measured differential pressures on a fully
inflated, 20% geometric-porosity ribbon parachute (taken from Ref. 4.56)
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Figure 4.33b. Calculated and measured differential pressures on a fully
inflated, 30% geometric -porosity ribbon parachute (taken from Ref. 4.56)

4.3.2 Canopy pressure distribution data

The value of the inviscid methods described in the previous section is limited to calculating
steady-state pressure distribution on the inside of the parachute canopy. None of them are intended
to predict pressures on the outside of the canopy, where separation and other viscous effects are
important. Numerical methods are being developed that take into account viscous effects; these are
discussed in Chapter 5. In the meantime, it is necessay to use experimental canopy pressure

distributions to design parachutes for steady-state conditions.
Heinrich, Ballinger, and Ryan 4 a57 measured the pressure distribution over rigid, 2.5-in.-dia eter

models of a flat circular ribbon canopy with 20% geometric porosity and a guide surface canopy in a
transonic wind tunnel at Mach numbers between 0.6 and 1.2. These stainless-steel models were sting-
mounted with no suspension lines and were tested over the Reynolds range of 0.7 to 1.0 X 10, based
on the model diameter. Both internal and external canopy surface pressures were measured. These
pioneering wind tunnel studies are of particular interest because these two canopy designs have been
used extensively for high-performance applications. These pressure data provide physical gid, iniaeto
the flow fielnd un the canopy and the effect of Mach number on that flow field.

Typical pressure coefficient data over the external surface from these carefully executed

experiments are presented in Figures 4.34 and 4.35 for the ribbon and guide surface canopies,
respectively. Data for the ribbon canopy show a decrease in external pressure coefficient (i.e., the
external pressure minus free-stream pressure, nondimensionalized by dynamic pressure q) and an
increase in internal pressure coefficient with increasing Mach number. The combined effect is a
decreasing differential pressure coefficient across the canopy as Mach number increases. Shadowgraph
pictures taken during these tests (one of these photos is Figure 4-92 of Ref. 2.1) were able to
characterize the air jet passing through the slots between the individual ribbons. This air jet is
subsonic below a free-stream Mach number of -0.8. Beginning at Mach 0.8, the airstream between
the ribbons begins to show the diamond pattern that is characteristic of sonic flow between the
ribbons expanding to supersonic flow farther behind the canopy. Supersonic flow is generated by the
combination of low pressure on the outside of the simulated canopy and (approximately) isentropic
stagnation pressure inside the simulated canopy.

The pressure distribution across the roof of the guide surface canopy ' 5' does not change
appreciably with Mach number. The internal pressure distribution is also nearly constant and nearly
equal to the isentropic stagnation pressure. However, a significant change of the external pressure
coefficient with Mach number was observed along the guide surfaces. The net force that keeps the
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canopy inflated decreases rather rapidly with Mach number. Figure 4.35 shows that for the taps
located on the guide surfaces the external pressure coefficient changes from negative to positive values
at transonic free-stream velocities.

S,,Pressure taps

6 7
-0 Taps 3 and 12Taps 2 and 13 3-] I 12

-0.6 - Taps 3 and 12 24  [13-

Tap 4- an 11 F lowII
~~~Taps 6 and 9 / o

-0.2

0
0.6 0.7 0.8 0.9 1.0 1.1 1.2

Mach number

Figure 4.34. External pressure coefficients vs. Mach number for flat circular
ribbon canopies (taken from Ref. 2.1)
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Figure 4.35. External pressure coefficients vs. Mach number for guide surface
canopies (taken from Ref. 2.1)
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Sandia National Laboratories measured pressures on a 34.4-in.-diameter, 25 % geometric-porosity,
nylon ribbon parachute in a subsonic wind tunnel over dynamic pressures ranging from 100 lb/ft2 to400 lb/ft2.4 '5

8 Heinrich et al.' 5' conducted wind tunnel tests at Mach 1.08, 1.2, and 3.0 to measure the

pressure distribution over a rigid model of a 26% porosity circular flat ribbon canopy with and '
without suspension lines and an ogive-cylinder forebody. Representative data from these tests are
presented in Reference 2.1. Haak and Niccum 4 

60 measured the pressure distribution over a 26%
porosity rigid model of a flat ribbon parachute in wind tunnels at Mach numbers of 0.8, 1.2, and 3.0.

Other experimental measurements of canopy pressure distributions include the work of Melzig
and Schmidt, a ' who measured canopy pressures at four points on a flexible, flat ribbon parachute in
a subsonic wind tunnel. Niccum, Goar, and Lenius4.62 measured the steady-state pressure distribution

over a rigid, 1.94-in.-diameter model of a 20% porosity, flat ribbon parachute at wind tunnel test
Mach numbers of 0.8, !.2, and 3.0. Heinrich and Saari 4 

61 found large discrepancies between the drag
force measured by Melzig and Schmidt 4.61 and the drag force calculated by integrating the pressure
distribution over the surface area of the parachute. Heinrich, Noreen, and Dale4'6 4 measured
aerodynamic coefficients and pressure distributions of solid flat and ringslot model canopies in a
subsonic wind tunnel with a streamwise velocity gradient.

In the early 1970s, Sandia concluded that the experimental data base of pressure distribution over
ribbon canopies (both for steady state and during inflation) was inadequate for computing parachute
stresses. Hence, a comprehensive wind tunnel test program was initiated to test several ribbon
parachutes over a range of dynamic pressures from 35 to 500 lb/ft2 in the LTV Low-Speed Wind
Tunnel46514 66 and the Naval Ship Research and Development Center (NSRDC) Transonic Wind
Tunnel.4 67 These nylon model parachutes had a nominal diameter of 3 ft and were constructed with
a 20-degree conical angle and 24 gores. The vent diameter was 10% of the base diameter D,.
Suspension line lengths of 1.0, De, 1.5 - D,, and 2.0 • D,; geometric porosities of 0 %, 10 %, 15%, 20 %,
25 %, 30%, and 40%; and skirt reefing line lengths of 0.53 . D, 1.06. D,, and 1.58. D, were tested.

The first LTV test46' and the NSRDC test observed the disreefing characteristics and measured
the drag (using a strain gauge balance) before, during, and after disreefing the parachute in the wind
tunnel. The pressure distribution around the parachute was measured simultaneously with the strain
gauge balance drag. Pressure instrumentation consisted of two flexible, clear plastic tubes glued and
tied to each radial, alternating inside and outside of the canopy and extending out of the canopy
through the vent. Notches were cut in the tubes at 23 radial stations both on the inside and outside
of the canopy to provide 46 pressure orifices; the flexible pressure tubing terminated in a Scanivalve.
A pressure transducer scanned the 46 pressure ports. Side view photographs were taken of each
configuration to determine the inflated shape of the canopy profile. Typical side view sketches
(Figures 4.36 and 4.37, reproduced from the photographs) illustrate the effect of geometric porosity
and suspension line length on the shape of the fully inflated canopy.

Pepper and Reed discuss some of the canopy pressure distribution results from the two LTV and
the NSRDC wind tunnel tests in Reference 4.7. The effect of suspension line length on the pressure
distribution inside and outside a 25 % porosity canopy is shown in Figure 4.38. Test results established
general relationships concerning the effect of porosity, line length, and reefing on steady-state canopy
pressure distribution. They observed that the parachute drag force obtained by integrating the

X 15% X=20% X=25% X=30%

Figure 4.36. Side view sketches of fully inflated parachutes (Lsj/D,= 1.0)
with geometric porosities of 15%, 20%, 25%, and 30% (LTV test)

[.
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measured pressure distribution over the photographically obtained canopy side profiles agreed within
10% of the drag measured by a force balance in the test body.

Heinrich and Uotila4 9'4 o carefully analyzed all of the data from the first LTV test. '65 These
results are presented as pressure distributions, measured and calculated drag coefficients, and
projected diameters and drag areas of reefed and unreefed parachutes as a function of geometric
porosity and suspension line length. In addition, radial force coefficients were calculated from the
pressure data. These differential pressure distribution data have been used at Sandia as generic inputs
for the stress analysis (using the CANO and CALA codes) of conical ribbon parachutes.

-1.
LsL/D.=5.0 Lsl,iDc- 1.5 Lsl/D-=02.0

Figure ,4.37/. Side view sketches of fully inflated parachutes with line

lengths of 1.0, 1.5, and 2.0 D, (X=25%) (LTV test)
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Figure 4.38. Effect of suspension line length on pressure distribution
(NSRDC test)
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Long after these tests were conducted, the wind tunnel models used in these experiments were
found to be too flexible. They stretched enough at the dynamic pressures of the test to cause
significant changes in effective porosity between their inflated shapes and the constructed (no-load)
shape. Hence, the use of the correlations presented in References 4.7, 4.9, 4.10, and 4.64 through 4.66
should be limited to indicate trends only. Operational parachutes (especially those with Kevlar radials
and suspension lines) will undoubtedly stretch much less than these model parachutes, and will
therefore have different inflated shapes, effective porosities, , d pressure distributions.

Garrard and Piper4 68 measured the pressure distribution at thirteen points inside and outside the
canopy of a 4.5-ft-diameter flat ribbon parachute of 20 % geometric porosity at low dynamic pressures

and strain levels. Their pressure data compare favorably with the pressure data of Niccum, Goar, and
Lenius. 4 

1
2 Garrard, Wu, and Muramoto4 69 also measured the pressure distribution at six points

inside and outside the canopy of a 1.5-ft-diameter cut-gore ribbon parachute of 25% geometric
porosity in a low-speed, subsonic wind tunnel. They used these two sets of pressure data to calculate
steady-state stresses in ribbon canopies; these stress calculations will be discussed in a later section.

Henfling and Purvis4' 70 measured the pressure distribution across the surface of parachute
ribbons at five chordwise points and sevpral spanwise stations in a low-speed wind tunnel. Kevlar was
used in the parachute models to prevent them from stretching under load. Because of its high
modulus, the Kevlar material can eliminate stretching without adding stiffness, which can also affect
parachute shape (and therefore the measured pressures). Henfling and Purvis observed significant
variations of the differential pressure distribution, both in the chordwise direction (at a fixed spanwise
location) and along tho span of the ribbons. These data show ihat both ribbon angle of attack and
ribbon curvature have significant effects on the ribbon pressure distribution. Since chordwise and
spanwise pressure measurements were not made in any previous tests, the specific values of pressures
measured in earlier ribbon parachute experiments are called into question.

We conclude that the existing body of experimental pressure data must be used with care, to avoid
the consequences of assuming more accuracy and applicability than actually exists. This caveat is no
different from the care that should be exercised when using analytical/numerical approaches to
estimate canopy pressure distributions. Despite the honorable intentions of both experimenters and
analysts, the parachute technical community has fallen short of its goals to provide adequate
quantitative steady-state pressure distributions for use in designing high-performance parachutes.

4.4 Stability

The stability of the parachute may affect the motion of payload and the trajectory of the
payload/parachute. Parachute instabilities may cause problems for the payload when it impacts the
ground or for sensors located on the payload. The stability of a parachute depends on its canopy
configuration, its location behind its payload, and the interaction of the payload wake with the
parachute.

Parachute aerodynamics considers two classes of stability. The parachute is considered to be
statically stable if it returns to its equilibrium position when it is displaced from its equilibrium
position. The parachute is considered to be dynamically stable if its aerodynamic moments and forces
damp out unsteady motion. A third type of parachute "stability" involves the constancy of the
canopy's inflated shape rather than the motion of the parachute with respect to its payload. Although
this is not stability in the classical sense, the stability of the inflated shape of the canopy is important
for achieving adequate drag efficiency; it is also considered in this section.

4.4.1 Static stability

Cockrell,1
6 Ewing, Bixby, and Knacke," 7 and Knacke" s present detailed discussions of the

concepts of parachute static stability. Figure 4.39 provides a qualitative illustration of parachute
stability. A parachute is statically stable at angles of attack where the pitching moment coefficient C.
decreases with increasing angle of attack. Its equilibrium angle of attack aeq is where

______ < 0 (4.16a)
Oa

and Cm(aeq) = 0 .(4.16b)
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It should be noted that the formal mathematical definition of static stability contradicts thecommon vocabulary used by parachute designers. Flat circular and conical solid-canopy parachutes

meet the formal mathematical stability criteria for equilibrium at large angles of attack; they exhibit
limit cycles or pendular motions with an amplitude of 25 degrees from the flow direction (see Table
3.1). However, many parachute designers consider these parachutes to be "unstable" because of the
large amplitude of motion exhibited by these parachutes and because they will not "fly quietly" at I
small angles of attack. The same is often said about the ringsail and disk-gap-band canopies, whose
limit cycle angles are between 10 and 15 degrees. With due respect for the mathematical definition of
stability, the parachute design engineer's definition has more practical significance. Although these
solid canopies are "stable" because they satisfy Eqs. 4.16a and 4.16b, many applications cannot

tolerate the dynamic motion associated with such large angles of attack.
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Figure 4.39. G, vs. angle of attack, a, for a stable and an unstable
parachute (taken from Ref. 1.8)

The cycle limit of ringslot canopies is -5 degrees. Conical ribbon and guide surface parachutes
have equilibrium angles of attack of <3 degrees. The stability of the geometrically porous canopies is
a weak function of the porosity; increasing the porosity of ringslot and ribbon parachutes will reduce
the equilibrium angle of attack, but only slightly.

Knacke" s provides an excellent physical explanation of the stability characteristics of various
parachutes using sketches of the parachute wake flow. Smoke flow visualization in a subsonic wind
tunnel of a hemispherical cup shows that the airflow separates from the leading edge of the
hemisphere in alternating vortices. This alternating flow separation causes large differences in the
skirt's pressue differential on opposite sides of the canopy, which in turn produce large destabilizing
normal forces and large amplitudes of oscillation. The solid flat circular canopy exhibits this kind of
motion.

For parachutes with geometric porosity, part of the air flows through the canopy and pushes
vortices in the near wake farther downstream behind the canopy. Since more air passes through the
canopy, less air flows around the canopy skirt; hence, the vortices shed at the skirt are weaker for
porous-canopy parachutes than for solid-canopy parachutes. Separation can occur at each slot in the
canopy, rather than only at the skirt. As a result, the airflow separates more uniformly around the
canopy, thereby minimizing the destabilizing alternate flow separation of the vortex trail. This is the
aerodynamic design principle for the stable ribbon and slotted parachute canopies.

The guide surface parachute is designed with a sharp edge around the canopy, which causes
separation uniformly around the canopy over a wide range of angles of attack. In addition, the
inverted leading edge (guide surface) creates a large stabilizing normal force. Both the normal force
and the drag force create a stabilizing moment if the parachute is displaced from its zero
angle-of-attack position. The guide surface parachute has the largest stabilizing moment and the best
damping characteristics of any parachute.

Static stability data for high-performance parachutes in wind tunnels are presented in the 1963
Parachute Design Guide" I and by Ewing, Bixby, and Knacke.'7 Braun and Walcott 4'47 measured the
effect of reefing ratios, riser lengths, and number (up to 7) and type (ribbon and rir,slot) of
parachutes in a cluster upon the static stability in a subsonic vertical wind tunnel. Measurements were
made at angles of attack up to 25 degrees. They concluded from this systematic study that the static
stability increased with increasing riser length. The stability of reefed parachut.s peaked at a reefing
ratio of -0.5. They also observed that single-canopy test results cannot be used to predict the
aerodynamics of clustered configurations because of interference effects.



! 78
78Riffle3 23 measured the effect of reefing ratio on the static stability of 18-in.-diameter flat and "r

conical ribbon, ringslot, hemisflo, and ringsail parachute models in a subsonic wind tunnel. The slope
of the pitching moment is tabulated as a function of reefing ratio for these five canopies in Table 4.1.
Heinrich and Haak 4' measured the effect of porosity on the stability of ten 16-in.-diameter ringslot,
ribbon, and guide surface parachute models in a subsonic wind tunnel. Their normal force and
moment wind tunnel data for the ribbon and ringslot parachutes were considerably different for a
rigid metal canopy than for a cloth canopy.

When the forebody diameter is small relative to the parachute diameter, the destabilizing .ffect
of the wake on the parachute's static stability is negligible. Problems can be avoided when small
parachutes are used as drogues or payload stabilizers by placing the parachute far behind the payload.
If this is not possible, the strong body wake interaction with a small-diameter parachute (at both
subsonic and supersonic deployment conditions) requires very careful design trade-offs on type of
parachute, suspension line length, permanent reefing, porosity, and gore shaping. Using a porous
canopy and placing it as far behind the payload as practical (10 body diameters aft of the oase is
desirable) are perhaps the most effective design strategies for minimizing wake effects on static
stability.

These scale-model wind tunnel data adequately demonstrate the effects of various parachute
design parameters for the preliminary design of subsonic high-performance parachute systems. In
most cases, static stability has not been a major problem for high-performance parachutes since they
consist prima'ily of the stable guide surface, conical ribbon, and ringslot configurations. If parachute
stability is a primary design objective, it can be enhanced by designing the canopy to provide uniform
airflow separation around the leading edge of the canopy skirt, increasing the airflow through the
canopy, shaping the skirt through reefing and gore shaping, and providing a large restoring moment
as created by a guide surface or extended skirt.

4.4.2 Dynamic stability

A system is dynamically stable when the parachute's aerodynamic forces and moments decrease
the amplitude of each succeeding oscillation toward zero or to a small steady-state amplitude. Selected
reference3 on the dynamic stability of parachutes are Lester ' " White and Wolf,' 72 Wolf,4 ." Tory
and Ayres, 7,' Doherr and Saliaris,' "5 Eaton,4 .76 Cockrell e. al.,'"177 and Cockrell.' 6 Cockrell 6 and
Cockrell et al.4 77 discuss the work of the other references with regard to the significance of added mass
coefficients on the parachute's unsteady motion. Ludwig and Heins' 78 modeled the dynamic stability
of personnel guide surface parachutes. Heinrich and Rust '1 79,A modeled the dynamic stability of a
stable parachute decelerating an unstable payload.

Neustadt et al."8 developed a 3-DOF model of the motion of a spacecraft stabilized and
decelerated with two parachutes deployed serially. Two high-altitude aircraft drop tests were
conducted to measure the motion of a parachute-retarded "bollerplate vehicle." A stabilizationi
parachute was deployed after the vehicle was released from an aircraft at an altitude of -.30,00 ft.
The stabilization parachute oriented the vehicle to an ,jngle of attack of -30 degrees. The
stabilization parachute was then released and a drogue parachute was deployed at an altitude of
-25,000 ft. Figure 4.40 shows the approximate orientation of the vehicle at line stretch of the drogue
parachute. Figure 4.41 shows the damping of the vehicle attitude for about 10 s after drogue parachute
deployment, and illustrates the excellent agreement between theory and experiment.

White and Wolf" 72 studied the three-dirmensional motion of a freely descending parachute system
witt, a 5-DOF analysis (the roll motion was neglected). The system consisted of a symmetrical
parachute rigidly connected to a payload. They developed the first criteria for longitudinal and lateral
dynamic stability of a steady gliding motion, and they were the first to analyze coning motion. Their
theoretical coning rate calculations agreed well with Sandia's coning rate measurements of a
50.5-ft-diameter parachute attache , to a 700-lb test shape descending through the altitude range of
180,600 to 121,800 ft. Wolf' 71 continued this work by studying the stability and the three-dimensional
motion of a nonrigid parachute and payload system. From a small-disturbance stabilit3 analysis of the
equations, he showed that a relatively small parachute could be used to stabilize a statically unstable
payload.

Wolf and Spahr 4 82 modeled the three-dimensional motion of multiple parachutes attached to a
forebody; the motion of each parachute in the cluster was ioclividually modeled. Computer-generated
mjotion pictures of a cluster of thre, 48-ft-diameter parachutes showed qualitative agreement of the
motion with pictures of the full-scal, flight.



Perhaps the greatest aerodynamic changes occur at the skirt of the parachute. At subsonic speeds,
there is a large pressure differential at the skirt (positive outward) that causes full inflation of the
parachute. At supersonic speeds, the shock wave extends from in front of the canopy across the skirt
plane and beyond the canopy, as shown in Figure 4.11. The pressure differential across the skirt is
determined primarily by the pressure behind the shock wave; since the shock wave angle changes very
little in the vicinity of the skirt, it is expected that the pressure differential across the skirt is much
smaller at supersonic speeds (when the normal shock wave is present) than at subsonic speeds. This
model would explain why conical ribbon parachutes assume the "partially inflated" shape observed in
wind tunnel and flight tests, and sketched in Figure 4.10.

If the normal shock wave across the skirt of a conical ribbon parachute is indeed responsible for
causing weak pressure differentials across the skirt (with canopy shape change and flutter as the
consequence), then it would seem prudent to attempt to swallow the normal shock wave and contain
it in the mouth of the parachute. If this can be accomplished, a large pressure differential is created
across the skirt: the pressure level inside the canopy is approximately the normal shock recovery
pressure, and the pressure outside the canopy is approximately free-stream static pressure. By
restoring this large (positive outward) pressure differential, the shape of the parachute canopy can be
restored to its normal subsonic shape, the drag coefficient will increase, and flutter damage to the skirt
ribbons will be minimized.

Many of the parachutes designed specifically for supersonic flight attempt to swallow the shock
waves, for the reasons cited above. Figure 4.12 compares the shock wave in front of the conical ribbon
parachute with the swallowed shock wave in the mouth of the supersonic-X parachute (see Babish' 31).
Because the shock wave is contained inside the supersonic-X parachute, its inflated shape is stable
and the structure does not suffer flutter damage. The supersonic guide surface parachute (see
Heinrich4

.
21

-
4' 23) also attempts to contain the shock wave inside the canopy mouth, but it does so by

using a conical centerbody as a shock generator (Figure 4.13). In order to swallow the shock wave, all
of the mass entering the parachute must pass through the parachute. Consequently, these special
supersonic parachutes are constructed with higher canopy porosity than is used for subsonic
configurations. They also are designed to allow less air to pass out of the canopy at the skirt, so that
the positive pressure differential at the skirt will cause the skirt to remain fully inflated. In essence,
these specialized supersonic parachutes are based upon the same principles used to design the diffuser
section of a supersonic wind tunnel.

Unfortunately, the ratio of inlet (skirt) area to outlet area (vent area plus canopy porosity) needed
to swallow the shock wave is a function of Mach number. Therefore, these supersonic parachutes
perform well over a limited range of Mach numbers, but at lower Mach numbers their performance is
reduced because the shock is disgorged. Drag efficiency is usually lower than that of the conical ribbon
parachute at subsonic speeds, because of the high porosity designed into the canopy (see Figure 4.8).
If good drag efficiency is required at both supersonic and subsonic speeds, conical ribbon or hemisflo
parachutes may be preferable to special supersonic parachutes.

Lingard, Barnard, and Kearney 4,24 conducted a detailed study of 20.degree conical ribbon, equiflo,
hyperflo, supersonic-X, and ballute decelerators at Mach numbers between 0.5 and 4.35 to provide
comparative performance data for design purposes. From their results and the work of others,' ..22 .4 .20

it can be concluded that none of these parachute configurations is to be preferred over the other
configurations at all Mach numbers between 0.5 and 4.35. Each canopy type performs well at some
Mach numbers but not at others. Variations in drag coefficient, inflation performance, stability, and
flutter among these parachutes were significant. All data indicate that the designer must select a
parachute configuration based on its performance across the full Mach number range that the
parachute will experience in flight, not just the Mach number at deployment. Special configurations
developed specifically for supersonic flight should be chosen if operational emphasis is focused on that
speed regime. If both supersonic and subsonic performance is important, the parachute designer
should consider more traditional configurations, such as conical ribbon and hemisflo parachutes.

Parachute designers must be careful how they apply supersonic parachute drag data from the
literature to specific systems, even when they use quality data from the references cited in this section.
The reason for caution is that the drag of the parachute is not solely determined by parachute
parameters, but also by for~body parameters such as forebody shape, diameter, and proximity to the
parachute canopy. If published test data were obtained using different forebody diameters and shapes
than is planned for the new application, the designer should not expect these data to apply directly
to the new system. Consideration of forebody wake effects on parachute drag, especially at supersonic
speeds, is a prerequisite in designing a supersonic parachute system.
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Doherr " conducted subsonic wind tunnel tests at the Deutsche Forschungs- und Versuchsanstalt
ffir Luft- und Raumfahrt in West Germany to measure the dynamic stability characteristics of
parachutes aid parachute/payload systems. The payload had 2 rotational degrees of freedom (no roll)
and the parachute had 3 rotational degrees of freedom relative to the load. The experimental data
were compared with dynamic stability results from a numerical investigation of the nonlinear 5-DOF
motion of the wind tunnel models. Wind tunnel three-component (axial, normal force, and pitching
moment) data for the parachute were used in the numerical analysis. These comparisons suggested
that the numerical method was satisfactory only for highly statically stable parachutes.

Saari4" 4 developed a dynamic model of the three-dimensional motion of a lifting or gliding
nonsymmetrical parachute.

In general, achieving acceptable dynamic stability has not been a major problem in parachute
design. Cockrell 1 2 3 points out that this conclusion is largely due to the fact that high-performance
parachutes usually have high porosity, which gives them excellent static stability in pitch. Good static
stability characteristics are the largest contributors to satisfactory dynamic stability criteria.

Drogue parachute

a=Angle of attack
0 =Attitude

Vehicle

Horizontal
900

Velocity

Figure 4.40. Vehicle orientation at drogue parachute line stretch
(taken from Ref. 4.81)
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4.4.3 Inflation inst'ibilities

Inflation instabilities can cause a parachute to lose drag and to develop motions that may fatigue
canopy materials and result in the failure of the parachute. These instabilities are not related to the
slope of the pitching moment curve. They are caused by the periodic coupling between the canopy
shape and the unsteady airflow in and around the canopy. At low speeds, inflation instabilities are
often called "squidding" and are usually observed in parachutes whose porosity is so high that
inflation becomes marginal. Severely reefed parachutes exhibit this problem when the reefed diamete!
is approximately equal to the vent diameter, allowing the air flowing into the mouth of the parachute
to flow out of the vent without generating the positive canopy pressure differential needed to keel) the
parachute inflated. Reducing the porosity in the vent region or changing the reefing ratio has solved
squidding problems in the past.

At supersonic speeds, inflation instabilities can result from forebody wake interactions as well as
from excessive porosity. Wake-induced inflation instabilities were reported by Pepper, Buffington,
and Peterson, 3 ' who tested 15-in.-diameter hemisflo and conical ribbon parachutes behind several
forebody shapes in the NASA-Ames 9-ft by 7-ft wind tunnel at Mach 1.5 to 2.5. The schlieren
photograph in Figure 4.11 shows the complicated interaction of the forebody wake with a hemisflo
parachute at Mach 1.9. They made qualitative observations of canopy inflation stability (determined
from video images and defined as the squidding), shape changes, and dynamic motion of the canopy.
These authors concluded that changes in the inflated shape of the canopy caused changes in the flow
approaching the canopy which, in turn, further changed the shape of the canopy. The hemisflo
parachute was observed to have better canopy stability than the conical ribbon parachutes. However,
the hemisflo parachute had longer suspension lines than the conical ribbon parachutes used in this
test. It was not possible to determine whether the difference in canopy inflation instabilities was due
to the longer suspension line lengths of the hemisflo parachutes or to the different canopy

* configurations.
Peterson et al.' " and Peterson4'- used these wind tunnel data to design a parachute system to

operate at low altitudes at deployment velocities of 690 to 2300 ft/s to decelerate an 800-lb payload.
Nineteen rocket-boosted flight tests were conducted to validate this subsonic/supersonic parachute
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I '~ design. The forebody diameter was 13 in. and the diameter of the conical and biconical ribbon and
hemisflo parachutes varied from 3.7 to 5.3 ft. All three parachute configurations with 5-ft-long
suspension lines experienced squidding, inflation problems, and drag areas that were very dependent
on Mach number. These parachutes oscillated behind the payload at subsonic speeds. The conical
ribbon parachutes with 9-ft-long suspension lines experienced no inflation problems and produced
drag areas that were not strong functions of Mach number; their stability was excellent at supersonic

velocities, but oscillations persisted at subsonic velocities. The parachute oscillation frequency
coupled with the pitch frequency of the test vehicle, which resulted in a coning motion of the test
vehicle. The driving force that sustains the oscillations appears to be the interaction of the payload
wake with the parachute canopy. Permanent reefivg of the ribbon canopy eliminated the subsonic
oscillations; this became the baseline design. It was concluded that permanent reefing, extended
skirts, and gore shaping improve supersonic parachute drag, enhance stability, and reduce the
maximum opening-shock loads of ribbon parachutes.

4.5 Aerodynamic heating

The two most recent USAF recovery system design guides both discuss high-temperature
parachute materials and aerodynamic heating of parachutes. The 1963 Parachute Design Guide2"
(p. 340) tabulates the thermal characteristics of nylon, Dacron, glass fiber, etc. Ewing, Bixby, and
Knacke"7 describe the use of high-melting-point organic polymers (from Freeston et al.' ss ) and the
use of protective coatings to create textile materials that retain structural integrity at temperatures
above 300*F. Freeston et al.4' 5 propose fabrics woven of fine metallic wires, high-melting-temperature
glasses, coated refractory fibers, metal and metal oxide whiskers, and ceramic fibers. Nylon has
limited supersonic decelerator application because it melts at about 482*F. Ewing, Bixby, and
Knacke 17 point out that the aramids Nomex and Kevlar, synthetic organic fibers that do not melt, are
more suitable than nylon for parachutes operating at high speeds. Nomex and Kevlar lose all their
tensile strength at about 7001F and 9300F, respectively. Aramids do not melt, drip, or fuse together
when exposed to flame, and they have good resistance to commonly used chemicals and solvents.
Bisbenzimidazobenzophenanthroline (BBB) polymers have been produced as fibers with demon-
strated heat-resistant properties in yarn and textiles in environments up to 1100*F (Jones et al. 4

,
8 6).

More information on high-temperature materials is presented in Chapter 8 and by Hartnett, Eckert,.87 48

and Birkebak' and Olevitch.' 88

The 1963 Parachute Design Guide2" (p. 262), Nerem, 1" 9 Scott,4 '9 and Ewing, Bixby, and Knacke1
.
7

provide excellent background material on the theoretical methods for estimating the aerodynamic
heating of parachutes. Wind tunnel measurements of aerodynamic heating of parachute ribbons,
cloth, and mesh have been conducted by Block,4' 9° Schoeck, Hool, and Eckert,4'91 Scott and Eckert,4 '92

Eckert et al.,4 '93 and Scott, Eckert, and Ruiz-Urbieta. 4'9 Corce4"9 tested 5- and 8-in.-diameter
supersonic-X model parachutes, constructed of BBB and Kevlar, in low-density wind tunnel wake
flow tests at Mach 8 at temperatures up to 7600F.

The effects of aerodynamic heating on parachute system design and performance are presented by
Bloetscher and Arnold,4 " Alexancer,"9 Pepper, 2"1' 9 Gillis,3 4 4 Peterson et al., 4 9 6 and Peterson and
Johnson."22 Bloetscher and Arno!&" 6 reported that a 40-ft-diamecer disk-gap-band parachute made
of 2-oz Dacron cloth suffered "extensive" aerodynamic heating damage after deployment at Mach
3.31. Pepper2"' designed a 2-ft-diameter hyperflo nylon ribbon parachute using a silicone-coated,
glass-fiber cloth as an upstream-facing heat shield on the canopy and four coats of RTV flexible
silastic as an ablative coating on the ribbons and suspension lines. This parachute was deployed from
a 140-lb test vehicle at Mach 4.1 at an altitude of 104,000 ft durizig atmospheric exit. The recovered
parachute showed severe aerodynamic heating damage from the approximately 20 s of flight above
Mach 3 both during atmospheric exit and reentry. Pepper redesigned the parachute by reinforcing
the skirt band and stitching glass-fiber cloth ribbons on both edges of the nylon-roof grid structure.
This parachute was deployed at Mach 4 at 114,000 ft altitude during reentry and spent only 9 s above
Mach 3. The recovered parachute suffered only moderate heating damage.

Pepper4 95 designed a 19-in.-diameter Kevlar conical ribbon parachute as the fir3t stage of a
parachute systim to recover a 57-lb reentry vehicle nosetip. He conducted four sled-launched
free-flight tests at deployment Mach numbers of 1.93 to 2.74 (dynamic pressures of 4500 to
9000 lb/ft2). There was evidence of aerodynamic heating on the recovered Kevlar parachutes at
deployment Mach numbers >2.5, where stagnation temperatuies were above 6650F. The Kevlar
retained adequate structural strength, but the high temperature levels, combined with the high
dynamic pressure, caused the canopy to remain "set" in its inflated shape after the flight was
completed. Peterson et al.4 96 and Peterson and Johnson' 22 discuss the use of Kevlar for thermal
protection at moderate supersonic speeds. It appears to have the best strength-to-weight ratio of all
high-temperature parachute textiles.
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CHAPTER 5

NONSTEADY AERODYNAMICS

5.1 Introduction

This chapter treats those aspects of parachute aerodynamics whose physical processes are
fundamentally time-dependent. The deployment process, which occurs when the parachute is

withdrawn from its stored configuration and stretched out in the sky, is the first time-dependent
event. The transient nature of parachute deployment is iii. strated in Figure 5.1 (from Pepper4' 3) for
a 24-ft-diameter parachute deployed from a 760-lb test vehicle at a dynamic pressure of about 2600
lb/ft2 . A gas-generator-powered telescopic tube, installed along the centerline of the parachute pack,
deployed the parachute at a velocity of about 160 ft/s relative to the test vehicle. Table 5.1 shows the
sequence for deploying the 24-ft-diameter parachute from the two-leaf bag; many critical events take
place during the -0.25 s required for parachute deployment. Design of the deployment system (which
includes the design of the deployment bag, bag-lacing cut knives, suspension line ties, canopy ties, and
other cut or break ties) is just as important in the successful design of a high-performance parachute
system as the accurate prediction of aerodynamic and structural loading of the canopy during
inflation. Procedures for designing parachute deployment systems and predicting their performance
are reviewed in this chapter and in Chapter 9.

The inflation of a high-performance parachute also involves time-dependent changes to the
canopy and the surrounding airflow. Again, Pepper's41 3 24-ft-diameter parachute illustrates tlase
nonsteady events. Note that the time from generator firing to the peak opening aerodynamic load of
about 220 g is only 0.30 s; the total time from gas generator fire to the end of the parachute
deceleration spike is only about 0.7 s. This chapter reviews both analytical and experimental work
characterizing the body mechanics (trajectory and motion) and the fluid mechanics of the parachute/
forebody combination, beginning with parachute deployment and continuing through inflation, when
the parachute is rapidly decelerating the payload.

200

- 100

S 0-

Gas generator
-100 fire

14 15
Time from rocket launch (s)

Figure 5.1. Parachute deceleration of a 760-lb test vehicle

pt
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Table 5.1. Sequence for Deploying a 24-ft Parachute From a Two-Flap Bag

(deployment time is 0.15 to 0.40 s)

1. Fire the gas generator.

2. Break fourteen nylon dust cover tacks (one turn of 24-lb nylon).

3. Break twelve nylon thread-line loop tacks to bag (two turns of doubled 40-lb
nylon).

4. Cut 1500-lb nylon bag lacing at forward end of bag in two places.

5. Cut cable (lanyard tacked with one turn of doubled 40-lb thread).

6. Break two doubled 90-lb nylon line ties at two stations.

7. Cut line retainer 1500-1b nylon in two places (each knife safe-tacked with one
turn of doubled 24-lb .r'ion).

8. Break two 200-lb nylo." iine ties at fifteen stations.

9. Cut two 1000-lb nylon expansion loops.
10. Cut bag lacing at grommet 8.

11. Cut reefing cutter cable in two places (safe-tied with one turn of 40-lb nylon
thread).

12. Cut 1500-lb nylon canopy retainer in two places (knives safe-tacked with one
turn of doubled 40-lb nylon thread).

13. Cut bag lacing in canopy compartment in two places at grommet 14 (safe-
tied with one turn of dcubled 40-lb thread).

14. Break two 200-lb nylon canopy ties at three stations.
15. Canopy inflates. Tail can and bag are attached permanently to parachute at

vent area.

5.2 Parachute deployment

The 1963 Parachute Design Guide," the 1978 Recovery Systems Design Guide (Ewing, Bixby,
and Knacke' 7), and Knacke'' address different methods of initiating deployment. Methods
commonly used for high-performance parachute systems include pilot paracbutes, drogue guns,
tractor rockets, and thrusted ba.-e plates; these are discussed in Chapter 9. Stftic lines are seldom
used to deploy high-performanct, parachutes.

5.2.1 Line sail

Figure 5.2 shows the sequence for an orderly deploymen1 of a high-performance 46.3-ft-diameter
ribbon parachute from a 2465-lb (at release), 18-in.-diameter payload. A cluster of three 3.8-ft-
diameter ribbon parachutes 3

.
6 was developed to deploy the main parachute in the presence of severe

aircraft flow-field effects and large payload angles of attack. Grderly deployment (taut suspension
lines and stretched-out/taut canopy exiting the deployment bag to provide a symmetrical canopy
inlet/mouth at the start of inflation) is a difficult design task, but it is essential in order to avoid
parachute damage during inflation. The sequence of events that occur during deployment of the
46.3-ft-diameter parachute from its four-leaf bag is given in Table 5.2. The bag design required careful
selection of line and canopy ties, location of cut knives, selection of canopy retainer and bag lacing,
a',d other facets of bag construction in order to achieve the orderly deployment shown in Figure 5.2.
)eployment bag design is discussed in Chapter 9.

If the parachute is deployed at sr. angle to the relative wind (instead of with the wind),
aerodynamic forces associated with the crosswind component of drag on the suspension lines may
cause the suspension lines to be pulled out of the deployment bag prematurely. The resulting
phenomenon is called "line bowing," "line sail," or "fish hooking," depending on the severity of the
process. Line sail has been known to cause (or contribute to) increased deployment times, excessive
snatch loads, asymmetrical deployment, canopy damage from bag friction, and unpredictable canopy
inflation such as false venting or unsymmetrical inflation. The design parameters that may be chosen
to control line sail are pilot parachute drag area, the number and strength of line ties, and deployment
bag configuration.i _4
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Figure 5.2. Orderly deployment of the main parachute using the cluster
of three 3.8-ft-dir.meter pilot parachutes

Figure 5.3 shows the severe line sail observed during deployment, of the same 46.3-ft-diameter
parachute when the payload was at a 20-degree angle of attack and traveling at Mach 1.28. Aircraft
flow.field interference caused the payload to pitch to this high angle of attack after exiting the bomb
bay. The high angle of attack of the payload at supersonic speeds results in a turbulent wake with large
lateral pressure and velocity gradients. The 5-ft-diameter ribbon pilot parachute was unable to remain
inflated in such an asymmetric and violent wake flow field. The F-111 aircraft flow field, with the
strong lateral and longitudinal pressure gradients resulting from the shock waves shown in Figure 5.3,
also caused the parachute to collapse after its initial inflatior. Once the pilot parachute collapses, it
cannot provide enough drag to avoid the severe suspension line sail. The severity of the line sail at line
stretch is evident from the lines looping over and past (downstream of) the deployment bag in Figure
5.3. The severe line sail caused poor canopy deployment and unacceptable damage to the canopy.

Moog " and Purvis1' 2 1.'.2'5.3 have modelcd line bowing and line sail. Moog's model consists of
breaking the suspension lines and canopy into several point masses, each acted upon by the
aes'odynamic drag of a line segment. The point mass6a are elastically coupled in chain-like fashion
between the deployment bag and the vehicle. By tracking the line masses relative to the vehicle, the
extent of the line bowing can be calculated at any time. Moog calculated the line bowing of a parachute
to recover the Space Shuttle Solid-Fuel Rocket Boosters (SRBs). He showed that mortar-deployment
of the SRB nose cap (which acted as a pilot parachute to deploy the main parachute) reduced line
bowing over mortar-deployment of the main parachute because the nose cap increased the bag strip
velocity. Moog validated his model with Viking decelerator flight test data.

- - ...
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Table 5.2. Sequence of Events Occurring During Deployment of the 46.3-ft Main
Parachute From Its Four-Leaf Deployment Bag

1. Deploy and inflate the cluster of three 3.8-ft pilot parachutes.

2. Break fifteen doubled 24-lb nylon tacks holding the dust cover and suspen-
sion line groups.

3. Break twelve 90-lb nylon line ties (three stations on four bag panels).
4. Break loose two line-retainer cut knives (snubbed with 200-lb nylon and with

doubled 50-lb safety tacks in two places).
5. Cut 6000-lb nylon retainer in two places.
6. Break fifty-two 500-lb nylon line ties (thirteen stations on four bag panels).
7. Break safe-ties (doubled 50-lb nylon tacks) on four bag-lacing cut knives.
8. Cut 2000-lb Kevlar bag lacing at four places.
9. Break twenty 500-lb nylon line ties (five stations on four bag panels).

10. Break loose two canopy retainer cut knives (snubbed with 200-lb nylon and
with doubled 50-lb nylon safety tacks in two places).

11. Cut 6000-lb nylon canopy retainer in two places.

12. Break safe-ties (doubled 50-lb nylon tacks) on four bag-lacing cut knives.
13. Cut 2000-lb Kevlar bag lacing at four places.

14. Break eight 500-lb nylon line ties (two stations on four bag panels).
15. Break safe-ties (doubled 50-lb nylon tacks) on four bag-lacing cut knives.
16. Cut 2000-lb Kevlar bag lacing at four places.
17. Break sixteen 200-lb nylon canopy ties (four stations on four bag panels).

18. Break 1000-lb nylon vent break cord.
19. Bag separates from deployed 46.3-ft parachute; bag strip time (from step 2

through step 19) is 0.4 to 0.7 s.

Flight test deployment with severe line sail, Mach 1.28

Suspension lines

Deployment bag
Pilot parachute

Suspension lines showing line sail---,. Time: 0.30 s

p p I I o * p r a u

-40 -4 -40 -20 0 20
Separation distance (ft)

Computer simulation of flight test line sail

Figure 5.3. Comparison of flight test with computer simulation of line sail
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Purvis - 3 developed his numerical simulation of deployment (called LINESAIL) to provide
analytical guidance for the redesign of the deployment system for the 46.3-ft-diameter parachute. His
finite-element approach is similar to that of Sundberg, 4 in which both the suspension lines and
canopy are modeled as flexible, distributed mass structures connected to a finite mass forebody. The
physical system and a schematic representation of Purvis' discrete element model are shown in Figure
5.4. The forebody, suspension lines, canopy, and pilot parachute/deployment bag are modeled as a
series of elastically connected mass nodes. The motion of each node is determined by the tensile and
aerodynamic forces acting on the structural segment represented by the node. The forebody and pilot
parachute/deployment bag are separate special nodes, with all undeployed suspension line or canopy
nodes lumped in the pilot parachute/deployment bag node. The aerodynamic forces on the forebody
and pilot parachute/deployment bag nodes consist of forebody drag and pilot parachute drag,
respectively. Table 5.3 lists the nomenclature used in the Purvis equations that follow.

Referring to Figure 5.5, the equations of motion for the ith deployed mass node are

mR, = T,cosO, - T,_ 1cos0,_1 + F., (5.1)

mi, = T,sinO, - T,-1 sinO, I + F, (5.2)

where T, is the tension between nodes i and i+1, and F., F, are the axial and radial components of the
aerodynamic forces acting on the line segment represented by the ith node.

Pilot parachute, deployment
bag, undeployed canopyg Partially deployed canopy

r Forebody

(a) Physical system

m', Forebody
(slug/ft) Canopy

Suspension lines

(b, Mass density distribution

Pilot parachute/

r a nod Deployed canopy nodes

r / / uspension line nodes

Forebody

Spx
(c) Mass node model

Figure 5.4. Discrete element model
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Table 5.3. Nomenclature Used in the Purvis Equations

A cross-sectional area of suspension line at ith node (ft2)
a, speed of sound (ft/s) ,
B3  tensile damping coefficient at ith node (lb-s)
Bo tensile damping constant (s-')

CA tangential aerodynamics force coefficient
CD drag coefficient
CN aerodynamic normal-force coefficient derivative
El elastic modulus of ith node (lb/ft2 )
f(Mj) viscous cross-flow normal-force derivative
FNFA, aerodynamic forces at ith node (lb)
Fx Fr axial and radial forces at ith node (lb)
KIG line group interference factor
K,j line twist factor
m, mass of ith node, slugs
N number of suspension lines
q dynamic pressure (lb/ft2 )
S aerodynamic coefficient reference area (ft')
s, distance between nodes i and i+I (ft)
Ls, suspension line length (ft)
So, unstretched distance between nodes i and i+I (ft)
T, tension in ith line segment (1b)
V, total qpeed of ith node (ft/s)
V, tangential velocity component at node i (ft/s)
.,v suspension line width (ft)
x,r cylindrical coordinates
a, aerodynamic angle of attack of ith line segment

strain of ith line segment
p, material density at node i (slugs/ft')

PW, ambient air density (slugs/ft a)
Pc ambient air viscosity (slugs/ft-s)
0, line segment orientation angle

m, i0 0'

O'_
r1 r

Figure 5.5. Mass node geometric parameters

i
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s ollowing Moo,, the tension between two mass nodes is expressed as a low strain rate stress-i strain relation plus a linear damping term

T, = E, Ai Nf, 4 B, , (5.3)

The strain and strain rate are computed from

f, = (s, - so,)/So, (5.4)

and

, = 4,/So, (5.5)

Negative values of tension are not allowed. From the geometry of Figure 5.6, the line segment length
is

S / x1)2 + (r, - r,)2 (5.6)

Differentiation gives

41, = (x , j, - x,) (k, , I , + (r,. + I r,) (i, , - ,)/s. (5.7)

The elatic modulus E, is computed using the linear stress-strain assumption")l and rated strength
versus elongation-at-failure data

E, = rated st rengt h/A, . (5.8)

Tlhe dam)ng parameter B, is

B, = 2Bom, ,I, (5.9)

%,here E,/p, is the wave speed in the line material and the constant B, has a value between 0 for no
damping and for critical damping. The form of the damping parameter was determined analytically
from the longitudinal equation of motion of a single line segment fixed at one end and given an initial
unit displacement at the other. The constant B, was determined by numerical experiment, and was
found to Ie 85', of that required for critical damping (Moog,' I recommended using 5", to 10', ). The
large v ,lue was required in part by the one-step Euler integration scheme used in Purvis' analysis.

r
i'

10 x

Figure 5.6. Line segment tension parameters

The axial and radial components of the line segment aerodynamic forces, shown in Figure 5.7, are

F= - FNsinO, + FAcosO, (5.10)

F,, FNCOS0, - FAsinO, (5.11)
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The expression for the normal force is similar to that used by Sundberg,54 which is based on the

familiar cross-flow/drag formulations

FN, = (NKKLG)qSCNsina,[sina, (5.12)

The dynamic pressure, q, and angle of attack, a , in Eq. 5.12 are based on the speed orientation of the
ith node with respect to the absolute velocity vector. The dynamic pressure q has the usual form based
on the square of the node velocity. The node reference area, which is an individual line segment
planform area, is

S = ws0 , (5.13)

where w is the suspension line width and so, is the unstretched length of the element. The normal-force
coefficient derivative is

C = f(M"') (5.14)

FN

r

4" ,

Figure 5.7. Line segment aerodynamic forces

Since the suspension lines for the systems of interest in the current work are flat ribbons, the
aerodynamic normal force due to cross-flow on an isolated ribbon segment should be the same as that
on a two-dimensional flat plate. However, during deployment the lines are bunched together, forming
a rough cylinder with a diameter equal to the deployment bag diameter. The net aerodynamic normal
force due to cross-flow on the line segment bunch should then be approximately the same as that on
a two-dimensional circular cylinder. To model both behaviors, the form of the function f(M,) was
taken from viscous cross-flow effects on a circular cylinder, with the magnitude adjusted such that the
zero Mach value corresponds to the two-dimensional incompressible flat plate drag coefficient. The
behavior of the function in the critical Reynolds number regime was found to be important.

The net normal force on a node is reduced by the product of a line twist factor, KT,,, and a line
group factor, K.(. The line twist factor represents a reduction in the actual load on a line segment due
to the fact that the line segment.may be twisted. When the line segment is twisted, the cross-flow
velocity component is no longer perpendicular to the maximum planform area of the segment. The
actual cross-flow velocity component normal to the planform is the net cross-flow component reduced
by the cosine of the twist angle. Assuming that each line segment has a specific twist angle, and that
the distribution of twist angles is uniform between 0 and 7r, then the twist factor may be expressed as

N/2

K N ~ ~cs~ (5.15)

where N is the total number of lines. The summation must be evaluated numerically.

Similarly, the line group factor (sometimes known ab the shadow factor) accounts for the shielding
of some lines in the group from the cross-flow velocity by other segments which are upwind. Assuming
a uniform distribution in load between zero and the maximum, the line group factor may be expressed
as

N N 2_(5.16)
i-1

!I
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The axial (tangential) aerodynamic load on a line segment is assumed to consist solely of a
turbulent skin-friction drag acting on the wetted area of each segment. The form of the tangential
force is

FA, = -/2 PVr, IVT, N(2S) CA (5.17)

where the negative sign and the absolute value are used to give the proper direction to the force. The
factor of 2 in front of the area accounts for the fact that the wetted area is twice the planform area of
a line segment. The axial-force coefficient, given by

CA = 0.37/[P~a.LSL/ jO2 (5.18)

is based on an approximate turbulent skin-friction drag formula derived from an experiment by
Blasius (see Ref. 5.5). The formula is based on free-stream speed of sound and suspension line length
rather than line segment velocity and length; however, the magnitude is still small, and experimental
data show that the turbulent skin-friction coefficient for a flat plate varies less than 10% for Mach
numbers up to 2.

The effects of line ties and deployment bag friction, where appropriate, are incorporated into the
tension and force equations, respectively. Line tie effects are represented as a node deployment
restriction. Untied nodes are allowed to deploy only when two conditions are met: (1) the previous
node has been deployed, and (2) a nonzero tension exists in the line segment between the deployed
and undeployed nodes. When a node is tied, the second condition is modified such that the tension in
the segment must be greater than the rated strength of the ties before the node is allowed to deploy.

As noted by Moog, 5 'the magnitude of the deployment bag friction force, also known as inelastic
bag stripping force, is commonly determined in ground tests. In the present analysis, bag friction is
represented as a constant force acting only on the last deployed node. The force is assumed to act on
the node from the time it is deployed until the next successive node is deployed. The line of action of
the force is along the segment between the last deployed node and the deployment bag node.

Figure 5.8 shows the flowchart for the deployment simulation program, which incorporates the
complete analysis. Prior to any attempt at predicting line sail, various aspects of the simulation were
studied and compared with experiment. In addition, values for driving parameters, such as canopy!
deployment bag friction and pilot parachute drag area, were obtained from experimental data.

Purvis used the simulations described in References 5.2 and 5.3 to guide the redesign of the
deployment system for the 46.3-ft-diameter parachute that experienced the severe line sail shown in
Figure 5.3. The dynamics equations (5.1 to 5.7) were verified with data from a static parachute
deployment test (ground tests with no airflow) and flight of other parachute systems. Using
LINESAIL, he then reproduced the line sail shown in Figure 5.3. Subsequent simulation results
indicated that practical changes in line tie strengths did not control the line sail, but increasing the
pilot parachute drag was a very effective method of controlling it. The pilot parachute drag area was
increased from about 10 ft2 to 17 ft2 by replacing the 5-ft-diameter parachute with a cluster of three
3.8-ft-diameter parachutes. An advantage of the cluster is that the individual canopies extend farther
out of the store wake into the higher dynamic pressure and less turbulent airstream, thus reducing
their tendency to collapse and maximizing their tendency to reinflate if collapse does occur. The
deployment system baseline design was changed to this cluster pilot parachute system, which
operated successfully (with no line sail problems) in many flight tests during the development of this
currently operational store (see Figure 5.2 and Johnson and Peterson 6 ). Purvis lectured on the use
of these line sail codes at the 1985 Helmut G. Heinrich Short Course on Decelerator Systems
Engineering. 21

Johnson3 3 investigated the performance of a cluster of three 49-ft-diameter parachutes for
the 3130-lb F-111 Crew Escape Module (CEM). A drogue gun is used to deploy the pilot para-
chute. Deployment may occur with the drogue gun firing at CEM angles of attack between -30 and
+ 120 degrees. This means that the pilot parachute and main deployment bag may be deployed into
the wind. Adding to the problem of avoiding line sail was the length of the suspension lines; the main
parachute deployment bag reaches line stretch about 80 ft from the CEM. LINESAIL showed that
controlling the line sail caused by the crosswind deployment required larger pilot parachute drag
However, the pilot parachute had to be so large that the bag strip velocities would be high enough to
cause significant damage to the parachutes, even with a Teflon-lined bag. Johnson's solution was to
use a dual pilot parachute system, with a 5-ft-diameter ribless guide parachute placed inside a 10-ft-
diameter circular flat parachute. The 10-ft parachute breaks away at a drag force of 2000 lb, leaving
the inflated 5-ft parachute to deploy the main parachutes at high deployment velocities.
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Figure 5.8. Flowchart for deployment simulation program LINESAIL

LINESAIL has proved to be accurate and easy to use for designing deployment systems. It is one
of the few parachute predictive numerical codes that can be trusted and used as a design tool.
LINESAIL is being modified to provide improved modeling of the energy dissipated during the
breaking of line ties, and it is being written for use on small personal computers. It should be useful
in the preliminary design of new high-performance parachute systems to ascertain whether line sail
problems might occur and, if so, to calculate what pilot parachute drag area and line tie strengths are
required to minimize line sail problems.

5.2.2 Snatch loads

The Parachute Design Guide2 'and Ewing, Bixby, and Knacke" present thorough discussions of
canopy suspension line extension and the resulting impulsive loading of suspension lines when the
canopy is deployed. This short-duration loading, known as "snatch load," arises from the difference in
velocity between the suspended payload and the deploying decelerator. The rapid deceleration of the
decelerator, in contrast to the relativeiy slow deceleration of the suspended load, creates a sizable
differential velocity that must be reduced to zero. The snatch lo'id is defined as that force imposed
upon the suspended load by the decelerator to accelerate the mass of the decelerator from its velocity
at line extension (not stretch) to the velocity of the payload. Snatch loads are imposed before inflation;
hence, snatch loads and opening-shock loads are not additive. An example of a measured snatch load
from a flighL test is shown in Figure 3.7.

The 1963 Parachute Design Guide"• derives the energy and the velocity equations to develop a
method for calculating the snatch force. Snatch loads can be reduced by controlling the deployment.
Controlling the deployment may be difficult if the parachute must function over a wide range of
dynamic pressures, but several approaches have been used successfully. Perhaps the most effective
means for reducing snatch loads and controlling deployment is to pack the parachute in a deployment
bag in a manner that allows the suspension lines to be pulled out of the bag before the canopy. "Lines-
first" deployments reduce snatch loads because the canopy is unable to inflate (and therefore increase
the differential velocity between the deploying mass and the payload) until its velocity is the same as
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the payload's. Reducing the weight of the parachute also lowers the amount of mass that must
suddenly be brought up to the speed of the payload. Parachutes should not be made much heavier
than is needed to accommodate inflation loads. Reducing uninflated-canopy drag area or pilot
parachute drag area also reduces the inertial loads at line extension. Reducing these parameters,
however, will have a large effect on proper deployment and inflation; they cannot be changed without
affecting deployment and reliability.

Ewing, Bixby, and Knacke. 7 point out that the high-onset shock generated by the snatch force can
cause unacceptable inertial loads in attached devices such as reefing line cutters. The shock has been
known to fail the pryotechnic fuse train or to prevent the firing pin from actuating the percussion
initiator in a cutter improperly mounted on the skirt. Snatch-generated inertial loads may tear reefing
line cutters loose from the canopy skirt. This has occurred in tests of the 46.3-ft-diameter parachute
developed by Johnson and Peterson.3" Two 2-lb reefing line cutters are attached to two of the sixty
6000-lb Kevlar suspension lines at the canopy skirt. The deployment bag was very carefully designed
to minimize snatch loads. Deceleration histories from onboard accelerometers indicate that the snatch A

load is less than half the opE ning-shock load. However, extensive flight testing showed repeated failure
of the two 6000-lb Kev!ar suspension lines that support the reefing line cutters at deployment
dynamic pressures above 1500 lb/ft 2.

Reference 1.7 (p. 240) presents a method (unpublished work by Wolf in 1976) for estimating the
body-canopy separation velocity at line stretch. It has proved to be quite useful because, for many
practical systems, the approximation to measured values is close.

Holt 4  measured snatch load and opening-shock data for 21 flight tests from 1963 to 1967 of a
reefed, 76-ft-diameter ribbon parachute. The maximum measured snatch and opening-shock loads
were 91,500 and 123,000 lb, respectively. The snatch load exceeded the opening shock in four of the
flight tests. These high snatch loads suggested that the deployment system (primarily the deployment
bag) had not been properly designed. Since 1954, Sandia has conducted many high-dynamic-pressure
flight tests of high-performance parachutes. Several parachute failures have occurred because of
excessive snatch loads. In 1958, a parachute laboratory was established at Sandia and, shortly after,
a development program was undertaken to minimize or control snatch loads. This development
program, which required many flight tests with trial-and-error deployment bag designs, resulted in
the very successful four-leaf deployment bag patented in 1964 by Widdows.G These basic deployment
bag design techniques (discussed in detail in Chapter 9) have been used successfully at Sandia ever
since.

Pepper 2 tested a 20-ft-c 'neter reefed, conical ribbon parachute on an 890-lb payload at a
dynamic pressure of 5700 lb/ft (Mach 2.43). The opening-shock load was 200 g, but the snatch load
was less than 50 g. The deployment bag for this system was designed by Widdows, using his patented
techniques. Maydew and Johnson' conducted 29 instrumented flight tests of a 22.2-ft-diameter
reefed, conical ribbon parachute at dynamic pressures of 390 to 2695 lb/ft2 . The opening-shock loads
varied from 12 to 77 g (the test vehicle weighed 2100 lb), but the snatch loads were much lower,
varying from 5.3 to 27 g over the range of dynamic pressures. As before, this two-panel deployment bag
was designed by Widdows using the same patented techniques. These latter two flight test examples
graphically demonstrate how the snatch loads can be minimized by careful design of the deployment
system, especially the bag.

Toni"' and Huckins5 7 have published theoretical models for predicting snatch loads for
lines-first deployment. Huckins treated the suspension lines as a one-dimensional continuum and
used the solution of the wave equation to predict the snatch load. Heinrich" developed a method of
calculating snatch force that included the effects of the riser and suspension disengagement impulses.
He was perhaps the first to demonstrate analytically that the disengagement impulses strongly affect
the magnitude of the snatch load; he concluded that snatch loads could be decreased by careful design
of the deployment bag. Poole and Whitesides 5 9 used a finite difference solution to the one-
dimensional-wave equation to model tension waves in the suspension lines during the complte
canopy unfurling phase.

McVey and Wolf' 0 developed a dynamic model, based on integration of axial and radial
momentum equations, for predicting deployment and snatch loads. The parachute deployment
sequence starts with deployment initiation through bag stripping and continues until the parachute
suspension lines and canopy are fully extended. McVey and Wolf made detailed comparisons of the
bag stripping and snatch loads for several full-scale flight tests of 22.2- and 76-ft-diameter ribbon
parachutes. The bag stripping and time to full parachute extension were matched accurately for both
systems. The internal bag force results largely from breaking loops of nylon tape that tie the
suspension lines to the bag and ensure orderly deployment. They aumed a distributed mass of the
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{ suspension lines and canopy at line stretch for calculating the snatch load. They concluded that the
magnitude of the snatch load was a strong function of (1) the time required for the canopy retaining
flaps and bag lacings to react (after being cut) and release the canopy so that it can act as a distributed
mass rather than a concentrated mass, and (2) the canopy mass distribution (i.e., the manner in which
the canopy is distributed and packed in the bag and how strongly it sticks together after the bag is
cut). McVey and Wolf's study provides insight into snatch loading and bag stripping phenomena for
high-performance parachutes and bag design techniques required to reduce snatch loads.

Sundberg '4 developed a finite-element model that provides a detailed dynamic model for all
points on a parachute during its deployment and inflation. Both canopy and suspension lines are J
modeled as two-dimensional, flexible, distributed mass structures. Solutions obtained with the model
show the tension wave motion that occurs during deployment and early inflation. His model provided
predictions of the time-dependent loads in the suspension lines. As mentioned in the previous section,
Sundberg's work formed the basis for Purvis' LINESAIL code, which is now used at Sandia instead
of Sundberg's model.

Banerjee and Utreja 5'1 conducted a theoretical analysis and an experimental investigation of two
deployment concepts of the drogue parachute deployment for the Space Shuttle SRB. Wind tunnel
test data compared reasonably well with the theory. French5' 12 extended Wolf's methods (see Ref. 1.7)
for the calculation of parachute/forebody separation velocity and deployment time to consider the
effects of line ties on the deployment of a pilot extracted and deployed parachute.

5.3 Canopy inflation

Inflation of th. canopy begins as soon as the parachute is pulled free from the deployment bag. Air
flows into the canopy through the plane of the skirt. Some of the air passes through the porous canopy
fabiic, the vent, and the gaps between ribbons. However, the porosity of the parachute material and
configuration is chosen so that some of the air is retained in the canopy. This "captured" air causes
the pressure inside the canopy to increase above the pressure outside of the canopy. The radial
component of force generated by the pressure differential across the canopy accelerates the canopy
outward and causes it to inflate. Inflation continues as long as the integrated outward radial pressure
forces remain greater than the integrated radial tension and no structural constraints such as skirt
reefing are encountered.

Canopy porosity plays an important role in establishing the inflation rate. When the total porosity
is excessive, the radial forces generated by the pressure inside the canopy may not exceed the inward
component of the load in the suspension lines. This results in an oscillatory motion of the canopy
(called "squidding"), which stops the inflation process. The amount of porosity that can be allowed
without stoppir5 he inflation process depends on the type of parachute, the shape of the gore pattern,
the distribution of porosity in the canopy, and the length of the suspension lines relative to the
parachute diameter. Slotted canopies of ribbn and ringslot parachutes, both flat and conical, retain
a positive opening tendency at much higher porosity levels than solid canopies. This is attributed to
the difference in character of the through-flow in slots relative to the fabric pores, the former
functioning like sharp-edged orifices with a marked jet contraction effect, thereby offering a relatively
greater through-flow resistance.

The time-dependent nature of the inflation process is evidenced by the fact that the parachute is
changing shape throughout the inflation process. Even in cases when the oncoming velocity does not
decrease much during the inflation, the behavior of the parachute and the surrounding airflow is
inherently time-dependent. Inflations wherein negligible velocity changes occur are called infinite
mass inflations; examples of infinite mass inflations include aircraft deceleration applications or tests
of parachutes in a constant-velocity wind tunnel. The term finite mass inflation is used to describe
cases where the change in velocity during the inflation has a direct effect on the inflation process.
Finite mass inflations occur when large parachutes are used on small payloads, generating large
decelerations while the parachute is still inflating. Reference 1.7 provides an excellent description of
the stages of finite mass parachute inflation (Figure 5.9).

The complexity of the time-dependent inflation process has forced parachute designers to resort
to a wide spectrum of solution approaches, ranging from semiempirical, approximate analyses to more
complete numerical models. This section reviews the methods available for predicting canopy
inflation and cites experimental data used to guide analysis.
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. a) Opening of canopy mouth

bAir mass moves along canopy

c) Air mass reaches crown of canopy

d) Influx of air expands crown

structural tension and inertia

e) Expansion of crown resisted by

f) Enlarged inlet caused rapid filling

g) Skirt overexpanded, crown depressed by
momentum of surrounding air mass

Figure 5.9. Stages in parachute inflation (taken from Ref. 1.7)

5.3.1 Added mass approximation in nonsteady flows

Not all of the drag produced by a parachute decelerates the payload. Some of the parachute's drag
accelerates the air through which it passes. To appreciate the fluid physics of this process, observe
that the parachute collects the air into the canopy and brings the air up to the velocity of the payload.
The same is true of the air immediately in front of and behind the canopy. The energy required to
accelerate this mass of air from rest to the velocity of the payload is taken from the kinetic energy of
the payload by the drag of the parachute. Our observations of inflating parachutes may cause us to
ignore the acceleration of the surrounding air because we can only "see" the parachute system and not
the air moving in and around the parachute. For large parachutes, however, the portion of parachute
drag that accelerates the surrounding air can be the same order of magnitude as the portion that
dece!erates the forebody. Ignoring the acceleration of the surrounding airflow by the parachute can
lead to parachute structural failures, as will be discussed later in this section.

Fluid inertia effects can be included in the equation of motion for the inflating parachute system
by making use of the added mass approximation. The equation of motion for the parachute/payload
equates the change in momentum of the parachute/payload system to the sum of the instantaneous
drag of the parachute and the gravitational force:

dMv = P2 . CDS + mbg . sin . (5.19)

Force exerted on the Drag of the Vertical component of
parachute/payload parachute gravitational force

In this equation, M is the total mass of the parachute/payload system and V is the velocity of that
system. Rather than solve this equation simultaneously with the equations of motion for the airflow,
fluid inertia effects are included in the equation above by adding the mass of the air accelerated by
the parachute to the mass of the payload decelerated by the Darachute:

M = ma + mb (5.20)

where ma is the added mass of the air and mb is the mass of the payload.
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The mass of the payload is constant, but the added mass depends on the volume of air affected by the
parachute, which changes throughout the inflation process. Combining Eq. 5.20 and Eq. 5.19 with the
knowledge that ma = ma(t) yields

V + MV =-pV2 .CS +mg .sinO,
dt dt 2PV'-CS+ig sn0

or dma,
(nib + m)d- = -lpV2 • CI)S - Vdm- + a bg. sin 0. (5.21)

Equation 5.21 shows that the added mass appears on the left side of the equality as an additional
mass that must be accelerated (in addition to the payload mass) and on the right side of the equality
as a contributor to the acceleration of the payload/parachute system while the parachute is inflating
(i.e., while dm,/dt has a positive value). At best, this is a very approximate expression; there is
disagreement within the parachute community that such nonlinear fluid dynamic phenomena should
ever be expressed as simple additive terms in the equation of motion for the parachute and payload.
This review calls attention to the nature of the approximations and the research available from the
literature. Once they understand the limitations and risks of the added mass approximation,
parachute engineers may consider using Eq. 5.21 to predict tirne-dependent parachute deceleration of
the payload if the magnitude of the added mass terms can be determined either experimentally or
analytically at all times during the inflation process.

The added mass approximation for predicting forces acting on a parachute in unsteady motion has
been used for many years. The reader is referred to Cockrell's AGARDograph"' and Cockrell,
Huntley, and Ayres' " for a thorough development of the concept of apparent mass as it applies to
parachutes and the unsteady flow problem. Von Karma n' 11 stressed the importance of the role of
fluid inertia effects on parachute dynamics. He used the concepts of added mass to explain the
larger.than-expected decelerations recorded when parachutes are deployed at high altituoes. Simi-
larly, Ibrahim" indicated that the apparent mass and the moment of inertia of the parachute system
are rften larger than the mass and moment of inertia of the canopy alone.

We find considerable inconsistency within the fluid mechanics literature regarding the definitions
and nomenclature of added mass and related terms such as included mass, apparent mass,
hydrodynamic mass, induced mass, and virtual mass. This report follows the lead of Ibrahim,' 9,5 15

Heinrich,' " and Ewing, Bixby, and Knacke' 7 in defining these terms. Included mass considers the
air captured by the canopy; its effects on the parachute system are present during both steady and
unsteady motions. Included mass is related to the capture volume of the parachute and, therefore, it
increases during canopy inflation. Apparent mass is the part of the added mass whose effects are
manifested only in unsteady flows, such as parachute inflation and deceleration.

In his 1965 lecture notes for a parachute course at the University of Minnesota, Heinrich 5' 6

derived analytical expressions for the equatiom, of motion for an inflating parachute. His approach
employed the concept of added mass to approximate unsteady fluid inertia effects. He defined the
apparent mass, in', as

m'=k. Trpr , (5.22)

where p is the density of the air, r is the radius of the parachute, and k is a coefficient whose value
depends on the parachute shape and the direction, type, and history of its motion. Theoretical values
for k are possible for idealized shapes in inviscid flows; for a sphere, in' can be shown to be half of the
mass of a sphere with radius r, giving k = 0.5. Analytical values of k are difficult to obtain for more
complex shapes, so Heinrich carried out experiments to measure the coefficient k for parachute
models. He found that a value of k = 0.25 was a good approximation. He also concluded that the
apparent mass of a parachute was -,3/8 of the included air mass of the parachute. Heinrich defined
the added mass, ma, as the sum of the apparent mass, in', and the included air mass, mi:

ma = m' + m,. (5.23)

iThe added mass, ma, is combined with the mass of the body (Eq. 5.20) for calculating system
deceleration.
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Ibrahim 9 5 " used potential flow theory to calculate the added mass for spherical cups of any
concavity ranging between the limiting cases of the flat circular disk and the pinholed sphere. He
proposed a form for the added mass, ma, that followed the form of the expression for apparent mass,
m.:

4
ma ka. pr' • (5.24)

Using his potential flow analytical solutions, Ibrahim calculated k. for these spherical cups. For a
hemispherical cup, he obtained k, = 1.068. The equivalent ka value for Heinrich's5'5 measured and
estimated apparent mass plus included air mass is approximately 0.92. Ibrahim found that the added
mass was greater than the included fluid mass for every cup configuration.

'Kliiaas4 "1 developed a numericai technique for calculating the fluid mass associated with porous
parachute canopies of arbitrary cross sections operating in an inviscid, incompressible fluid. His
procedure replaces the physical parachute canopy with a mathematical vortex sheet. The strength of
the vortex sheet is chosen to satisfy porosity boundary conditions on the canopy surface. The vortex
sheet strength is used to determine the fluid kinetic energy, from which the added mass coefficients
are calculated. The velocity distributions on the inside and outside of the simulated canopy are also
calculated by this method; they agree closely with Ibrahim's"' 5 analytical solutions.

Klimas calculates k. =0.994 for an "imporous" hemispherical cup, somewhat lower than
Ibrahim's"' value of k. = 1.068. Klimas attributes the lower value to the inability of the vortex sheet
method to meet the -.ero porosity boundary condition everywhere on the surface of the solid
hemispherical cup. The boundary condition of zero velocity normal to the vortex sheet is satisfied at
only one location on each of the sheets used to describe the canopy. At the sheet nearest the skirt of
the canopy, fluid speeds become infinite and differential pressure3 across the canopy generate
correspondingly high mass flows across the canopy. As a result, the calculations for "zero porosity"
hemispherical cup actually have some "numerical leakage" corresponding to an effective porosity of
0.044. Sarpkaya"'1 discusses the validity of these numerical approximations in simutating the actual
porosity distributions in real parachute canopies.

Using the same vortex sheet riethod, Klinas calculated values of k. for porous hemisphere ribbon
parachutes with simulated "gaps" between the "ribbons." For these configurations, the effects of
numerical leakage may be appreciable at the trailing edge of each of the sixteen sheets used to
represent the ribbons, not just at the sheet nearest the skirt. Hence, the value of k, for zero canopy
porosity obtained from Klimas' sixteen-sheet model does not agree with the k, obtained from Klimas'
single-element cup. Nevertheless, Klimas' calculetions are useful because they show a trend of
decreasing associated fluid mass with increasing geometric porosity (Figure 5.10) for hemispherical
ribbon parachutes. The ratio of ka at porosity X to the value of ka for zero porosity (X = 0) from
Klimas' calculations is shown in Figure 5.10. This figure can be used to obtain an estimate of ka for
porous parachctes if ka is known (using either data or analysis) for an imporous canopy; engineering
estimates of added mass could then be obtained from Eq. 5.24.

Heinrich5 "s incorporated apparent mass effects in developing a linearized theory of parachute
opening dynamics. Payne' 9 uses the analogy of an underwater explosion as a starting point to
understand the inertia effects of the air that must be displaced during the parachute filling process
(i.e., the apparent mass effects) in his analysis of parachute opening dynamics. DeSantis"' ° included
apparent mass effects in his computer analysis of parachute system parameters and concluded that
increasing the altitude resulted in shorter filling times and higher deceleration forces on the payload.
His analysis was verified by flight test data.

Cockrell and collaborators (Refs. 5.13, 5.21-5.23) defined, analyzed, and measured (in a wind
tunnel) the apparent mass components and apparent moment of inertia terms associated with a
descending parachute for application to predicting dynamic stability. Preliminary data for added
mass coefficients for reefed and full-open flat circular ringslot parachutes with geometric porosities of
10%, 20%, and 30% are reported by Cochran, White, and Macha.5 24

Eaton5 5 reviews the effect of added mass on the dynamic stability of parachutes and includes for
the first time the complete form of the added mass tensor. He indicates that the added mass effects
are even more significant than previously predicted. However, design and testing experience shows
that dynamic stability is a second-order design problem for high-performance parachutes, compared
to the first-order design problems of snatch loads, opening shocks, etc. Most high-performanco
parachutes, such as guide surface or conical ribbon, possess high static stability and high dynamic
stability (i.e., rapid damping).
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Figure 5.10. Effect of geometric porosity on alded mass, k., where
k (X=0) = 1.068

Knacke t 
8 reported that, in 1944, the U.S. Army Air Corps conducted tests with five types of

personnel parachutes dropped at indicated airspeeds of 115 mph with a 200-lb torso dummy at
altitudes of 7000 to 40,000 ft. To the great surprise of the technical community, the parachute opening
forces at 40,000 ft were approximately four times as great as the forces measured at 7000 ft, even
though all parachutes were opened at the same dynamic pressure. To explain this force increase with
altitude, note that the true velocity is twice as high at 40,000 ft altitude than it is at sea level for
parachutes inflating at constant dynamic pressure; therefore, the kinetic energy of the payload/store
to be removed by the parachute is four times greater at 40,000 ft than at 7000 ft. In addition, the filling
time of the canopy at 40,000 ft altitude is only half as long as it is at sea level because the true velocity
is double the sea-level value at 40,000 ft altitude. The third contributor to these large parachute
opening forces was caused by the reduction in added mass. At the lower air density associated with
high-altitude deployments, most of the parachute drag contributed to decelerating the payload; a
smaller fraction of parachute drag was involved in accelerating the added mass at high altitudes than
at low altitudes. This was perhaps the first definitive flight test observation of added mass effects on
parachute inflation in the United States.

Contrary to his finidings with large parachutes attached to light payloads, Knacke' observed no
parachute opening-force increase with altitude for an "infinite mass" parachute/payload system. In
1954, the U.S. Air Force deployed a 15.6-ft-diameter ringslot parachute approach brake from a B.47
at altitudes of 2000 ft and 30,000 ft at the same indicated airspeeds; the measured parachute opening
fo- .e was '-7000 lb for both tests. Knacke suggested that there is no altitude effect on the opening
shock of the B-47 brake parachute because of the high canopy loading. The parachute/B-47 system
does not decelerate appreciably during canopy inflation, whereas the personnel parachute/torso
systera with low canopy loading decelerates Lonsiderably during canopy inflation, especially at low
altitudes.

Heinrich and Saari' 26 include aAded mass effects in their comparison of calculated and measured
(full-scale flight tests of a 28-ft-diameter C-9 personnel parachute and a 64-ft-diameter G-12D
parachute) force-time histories; the calculations agreed well with the data.

Wolf "
7 modified his INFLAT parachute inflation model5 " to include a coupling apparent mass

effect. His original model predicted faster inflations and larger opening-shock loads than those
observed in flight test data. He suggests that the deficiency in the original theory was the absence of
unsteady fluid dynamic coupling between radial and axial degrees of freedom. This effect is most
important when the ratio of parachute apparent mass to payload mass approaches unity. It then
causes a large reduction in parachute inflation rate and a corresponding reducticn in maximum
parachute force. Wolf defined three apparent mass (A) terms and apparent mass coefficients (B) for
the axial (xx subscript), radial (rr subscript), and coupled axial/radial (xr subscript) degrees of
freedom:

I

..
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IiAxx ABX VrpR2
B 3 (5.25a)

Arr = Br. 37rPLXC (5.25b)

Axr = Br 7rpR. (5.25c)

R is the constructed radius of the canopy. Wolf used B,-- 1 (from theory), Br, = 3 (theory for a
sphere), and B,, = 1.3 (determined as the best fit with experimental flight test data). All of the
aprarent mass coefficients were reduced for the effects of perosity. He demonstrated good agreement
between calculations and flight test data of dynamic pressure, parachute force, parachute diameter,
and drag area versus time during the inflation process of a 46.3-ft-diameter ribbon parachute. rhis
parachute system is discussed by Johnson and Peterson. 6 Wolf showed a similar set of good
correlations between theory and flight test data for the more heavily loaded 54-ft-diameter drogue
parachute for the NASA Space Shuttle Solid Rocket Booster case. Inclusion of the coupling-mass
effects to the INFLAT parachute inflation improved the accuracy prediction of filling time and
aerodynamic loading over a wide range of parachute loadings.

All of these investigators provide evidence that the inertia of the surrounding air plays an
important role in determining the deceleration that the parachute exerts on the payload when the
parachute is large and when the payload experiences significant reduction in velocity while the
parachute is inflating. Equation 5.21 can help us explain their observations. To simplify the
explanation, we shall ignnre the vertical gravity term because (1) high-performance parachutes often
generate decelerations that are much larger than 1 g, and (2) the trajectory angle 0 is often negligible
because many high-performance ar plications are for "straight and level" releases of the payload. After
eliminating the gravity term, Eq. 5 21 can be written as

(ml,+ m,11 = -pV2 .CS - dm (5.26)dt 2dt

Substituting Eq. 5.24 for the added mass in Eq. 5.26 yields this approximate expression for the
deceleration of the payload:

dV _ V2 CS + 8kair r2 Vd

dt 4 . (5.27)
ml, + ka, jrpr

Equation 5.27 shows that there are two places where added mass terms affect the deceleration
provided by the parachute. The time-dependent term in the nmlerator is always positive during
inflation and, therefore, it increases the deceleration of the payload. Because the parachute radius r
is increasing and the velocity V is decreasing during inflation, the increase in effective drag area due
to the time-dependent added mass term is greatest just before reaching the maximum ("fully inflated"
or "full-open") parachute diameter. Offsetting this increased contribution to deceleration is the
amount of added mass itself, which is added to the payload mass in the denominator of Eq. 5.27. For
large parachutes at low altitudes, this term can become significant. Its effect is to reduce the
deceleration experienced by the payload.

Data obtained by Johnson and Peterson 6 in flight tests of their 46.3-ft-diameter parachute with
a 2400-lb* payload (including parachute weight) can be used to assess the accuracy of the added mass
approximation in predicting inflation loads and to show the magnitude of both added mass
contributions to the prediction of payload deceleration. PDU-45 was a rocket-boosted parachute test
at an altitude of 9285 ft above sea level. At deployment, the Mach number was 1.43, the velocity was
1574 ft/s, and the dynamic pressure was 2182 lb/ft2. Line stretch occurred 0.32 s after deployment and
canopy stretch occurred 0.40 s after deployment. The inflation time (from canopy stretch to full-open)
was 1.88 s. At the time of full inflation of the 46.3-ft-diameter parachute, the velocity had decreased
to 162 ft/s and the dynamic pressure had decreased to 23 lb/ft2 . The values of r and dr/dt at full
inflation were determined from ground-based motion picture photography. Note that analytical
values could be used instead of experimental data for r and dr/dt in order to estimate the magnitude
of added mass effects. The steady-state drag area of this 46.3-ft-diameter canopy has been determined
from many flight tests to be -845 ft2.

* To approximately simulate the store design weight of 2465 lb for these flight tests, 2400-lb vehicles were
used.
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magnitude of the deceleration (-dV/dt) of this parachute and payload when the parachute first
reached its fully inflated diameter.

dV = 23.0. (845 + 250) = 8.4g
dt (2400 + 613) (5.28)

At this altitude and for this size parachute, the added mass term in the denominator is one-fourth
of the forebody mass; hence, approximately 20% of the total deceleration provided by the parachute
goes to accelerating the surrounding air rather than decelerating the payload. However, the time-
dependent increase in added mass (the second term in the numerator of Eq. 5.27) increases the
effective drag area of the parachute by 30% over the terminal descent drag area. The net result of
added mass effects is small at this altitude; added mass contributes an increase in deceleration of only
0.4 g from the value of 8.1 g that is predicted if both added mass terms were ignored in Eq. 5.27. Both
predictions are higher than the measured decelerations at canopy full-open. Onboard accelerometers
recorded 5 g and optical tracking data give 7 g. Equation 5.27 provides a conservative estimate of
deceleration, which is appropriate for an approximate method that should be used during preliminary
design.

It should be noted that the maximum measured deceleration during the test was 40 g at 0.58 s after
the initiation of canopy inflation; hence, this parachute has already experienced its maximum
deceleration by the time it reaches full inflation. This is consistent with Knacke's' 8 observation of a
significant increase in deceleration with increased altitude only for parachutes that experience a
significant decrease in velocity during their inflation.

FTU-34 was an aircraft release at parachute deployment conditions of 5533 ft above sea level 91
Mach 0.51 and a dynamic pressure of 316 lb/ft2. Line and canopy stretch occurred at 0.55 s anu
0.67 s after deployment initiation, respectively, with the canopy full-open at 2.11 s; this results in an
inflation time from canopy stretch of 1.44 s. As the parachute reached full inflation, the velocity was
140 ft/s and the dynamic pressure was 20.5 lb/ft 2. Using these data and motion picture photographic
data for r and dr/dt, Eq. 5.27 gives

dV = 20.5 (845 + 370) = 8.0 g
dt (2400 + 727) (5.29)

The measured deceleration was 7.6 g from optical tracking and 6.0 g from an onboard accelerometer.
Had added mass terms been ignored, the predicted deceleration would have been 7.2 g. Notice that the
46.3-ft-diameter parachute is accelerating 727 lb of air in addition to decelerating 2400 lb of payload
and parachute; the added air mass is -30% of the payload weight. For this reason, the effects of
added mass should be included in any estimates of deceleration for this parachute, even though the
increase in drag area due to the nonsteady added mass term in the numerator compensated for the
large added mass in the denominator for this particular parachute and deployment condition.

Now consider the same parachute when deployed at a higher altitude. The parachute deployment
conditions for FTU-23, an aircraft release at 27,349 ft altitude, were Mach 0.752 and a dynamic
pressure of 285 lb/ft2. Line and canopy stretch occurred at 0.55 s and 0.66 s after deployment
initiation, respectively, with the canopy full-open at 1.74 s; this results in an inflation time from
canopy stretch of 1.08 s. Payload/parachute system velocity was determined from cinetheodolite
ground measurements. The velocity at full inflation of the canopy was 276 ft/s and the dynamic
pressure was 37.7 lb/ft2 . Substituting the data a. the time of full inflation into Eq. 5.27 yields

dV 37.7. (845 + 248) = 15.0 g
dt (2400 + 340) (5.30)

As iefore, the predicted value of 15.0 g is higher than the measured decelerations of 10 g (from an

onboard accelerometer) and 13 g (from optical tracking).

At 27,349 ft altitude, the added mass is less than half its magnitude at 5533 ft. However, the non-
steady added mass term also decreased from 370 ft2 to 248 ft2 . If both added mass terms are ignored,
the predicted deceleration would be only 13.3 g. The added mass terms in Eq. 5.27 increased the
predicted deceleration by 13%. However, the most important conclusion to be drawn from examining
both the flight data and the predictions from Eq. 5.27 is that the deceleration exerted by the same
parachute deployed at the same dynamic pressure was approximately 70% higher at 27,000 ft than at
5500 ft. Some of this increase in deceleration with increased altitude is due to the differences in added
mass effects. [4
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The maximum measured deceleration recorded during FTU-23 was 20 g at 0.74 s after the
initiation of.canopy inflation. This parachute has already experienced its maximum deceleration and
has slowed down to only 30 % of its deployment velocity by the time it reaches full inflation. Since the
46.3-ft-diameter parachute experiences its maximum structural loads early in the inflation process
(when the canopy is reefed), we conclude that added mass effects do not drive the structural design
of this parachute. Because of the flight data available from tests of this parachute, it was used to
illustrate the physics of the added mass approximation and to provide some feel for the accuracy of
the approximation. Different parachutes operating at different deployment conditions may develop
maximum structural loads as the canopy reaches full-open; for these parachutes, added mass effects
may well have a direct bearing on the structural design of the parachute.

Equation 5.27 and its application to these three test cases reveal two important parachute design
issues that should be taken into account when designing large high-performance parachutes for use at
both low and high altitudes. Parachutes deployed at the same dynamic pressure will generate higher
decelerations of the payload at high altitudez, where the added mass can be significantly lower than
at low altitudes. Remember that higher deceleration means higher loads transmitted through
suspension lines. Therefore, the design point for the parachute's structure is for the high-altitude
release, not the low-altitude release. Also, be careful when parachutes designed for low altitude are
given a new application at high altitude. Even if the deployment dynamic pressure at the high altitude
is the same as at low altitude, the parachute will experience higher loads at the higher altitude.
Differences in added mass effects are one reason why the loads increase with altitude. If the
parachute's structural design margin was predicated on the low-altitude loads, the parachute might
fail at the same dynamic pressure at higher altitudes. This can be a problem for large imporous
parachutes with human payloads operating at high altitudes; even if the parachute survives, the loads
imparted to the parachutist may be more than they can endure.

Waye and Johnson5
.
29 used Eq. 5.27 to conclude that a cluster of three parachutes with the same

terminal drag area of a single parachute should provide higher deceleration than the single parachute
during the unsteady aerodynamic inflation phase because the cluster should have smaller added mass
effects. The reduction in added mass effects was expected because added mass is a function of the
cube of the parachute radius. Three parachutes having the same steady-state drag area as a single
canopy should have 1/ f3 of the apparent mass of the single canopy. Their experiments showed that
higher deceleration loads could indeed be achieved by the cluster, as long as special steps were taken
to ensure simultaneous disreefing and inflation of all parachutes in the cluster.

Other overviews of added mass approaches for time-dependent parachute flows are given by
Sarpkaya, ' Sarpkaya and Isaacson, and Cockrell."' These and other researchers acknowledge
the limitations of the added mass approximation for unsteady motion of bodies immersed in real
fluids. Cockrell, Frucht, and Harwood • concluded that added mass effects need not be considered
in the equations of motion for parachute dynamic stability. Sarpkaya 5 '7 disputes this conclusion.
Cockrell5" ' concludes that the added mass components are complex and "largely unnecessary to the
successful development of both inflation and dynamic stability studies." Others recommend investing
research effort in more advanced parachute flow-field and , flation models instead of investing in
more experiments to determine added mass coefficients for the full spectrum of parachute shapes and
motion associated with high-performance systems.

While parachute engineers await more accurate methods for predicting parachute inflation loads,
they must be pragmatic in taking full advantage of available design tools. For large parachutes, the
effects of added mass on the deceleration of the payload provided by the parachute can be significant
and must be taken into account. The added mass approximation, as expressed by Eq. 5.21 or Eq. 5.27
and supported by the estimates of added mass constants discussed in this section, provides the
parachute designer with a conservative estimate of inflation loads. It is therefore recommended for use
in preliminary design studies. It will probably be necessary to use this approximation until parachute
designers have access to proven semiempirical analyses or computational fluid mechanics techniques
for solving the full turbulent-flow Navier-Stokes equations for the viscous, compressible flow field
about an inflating, decelerating parachute. Semiempirical methods are coming soon, as described in
the next sections. Affordable computational fluid dynamics parachute design tools may still be a
decade away.

5.3.2 Canopy drag and filling time

Because maximum parachute structural loads almost always occur during inflation, and because
performance and load predictions fr- juently require accurate inflation time predictions, the para-
chute designer must be able to predict parachute inflation time. Although parachute inflation
predictions have been pursued for 40 years, there exists no exact analytical model or numerical
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simulation to date. The complexity of the inflation process is the reason why no exact solutions exist.
Parachute inflation is an unsteady viscous and compressible flow about a porous body with large
shape changes; the structural dynamics theory rr ast model a tension structure that undergoes large
transient deformations; the materials are nonlinear with complex strain, strain rate, and hysteresis
properties; and all of these physical phenomena are strongly connected.

Predictions of the transient drag of the inflating parachute and the canopy filling time have long
relied on semiempirical approaches because of the complexity of the problem. Modeling has
progressed from empirical filling time models to continuity inflation models, and is now moving to
computer models that include calculations of the aerodynamics in and around the parachute.
Excellent surveys of parachute inflation theories are given by Cockrell,' 6 Wolf, 2 ' Roberts and
Reddy, ' 2 and Purvis.5 '33 They discuss the simplifying assumptions, the approaches taken, the
limitations, and -the complexity of selected theories in the literature. The three parachute design
manuals (Refs. 1.7, 1.8, and 2.1) provide good examples of commonly used empirical methods for
predicting filling times and opening-shock loads. This section summarizes these methods and reviews
more recent numerical approaches not yet available as design/prediction tools but which will become
available in the future if research and computational advances continue to accelerate.

5.3.2.1 Maximum inflation force predictions

Knacke' s recommends an empirical method for calculating the maximum parachute opening
force FA:

FA = q, " CDS C. XI , (5.31)

where q. is the dynamic pressure at line stretch and C)S is the drag area at the time when the
maximum inflation load is expected. This equation is similar to the one written for steady-state drag,
Eq. 4.1. The empirical parameter C, called the opening load factor, adjusts FA for an additional force
due to the inflation dynamics ("overinflation") of the parachute. Table 2.1 of Reference 1.7 presents
values of C, for a variety of unreefed parachute types operating under infinite mass inflation
conditions; these values for high-performance parachutes range from a high of 1,8 for a solid flat
canopy to a low of 1.0 for a hemisflo ribbon canopy. Since there is little drag overshoot for a reefed
parachute, a value of C,, of 1.0 should be used for inflation to a reefed stage. The force reduction factor
X, reduces FA as a function of canopy loading W/CDS, where W is payload weight. For infinite mass
inflations, X, = 1.0. Figure 5.11 shows how X, varies as a function of canopy loading. Using these
values of X, and C,, one can then calculate the maximum opening drag force for a given parachute
drag area and deployment dynamic pressure.

Equation 5.31 makes no attempt to clude unsteady aerodynamics in the calculation of maximum
drag; time does not appear explicitly in this equation. The premise of this expression is that maximum
inflation force can be calculated if we know the drag area at the time that the maximum inflation force
occurs. The effects of unsteady aerodynamics are included in the empirical data for C and X1. As
simple as Eq. 5.31 is, it works well for many subsonic parachutes. Chapter 12 gives comparisons of
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Figure 5.11. Opening-force reduction factor vs. canopy loading (taken from
Ref. 1.8)
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predictions using Eq. 5.31 with maximum inflation data from 24-, 40-, and 46.3-ft-diameter ribbon
parachutes (Figures 12.6, 12.10, and 12.17, respectively). The good agreement encourages the use of
Fq. 5.31 for preliminary design of parachutes for which empirical data are available.

5.'.2.2 Empirical methods for predicting filling time

Frr.ch1.5 4 extended the ideas of O'Hara' 35 in proposing that a given parachute in incompressible
flow should open in a fixed distance, regardless of the altitude or the velocity at which it was deployed.The inflation distance was expressed as n multiples of the canopy diameter Do. The inflation time was

calculated as the time needed to traverse that distance traveling at the deployment velocity V:

n . Dotf = V (5.32)

Experiments and analyses were conducted to evaluate and modify this postulated equation for
parachute filling time tf. Garrard 1.1

6 incorporates Knacke's filling time equation in a preliminary
parachute design computer program. He tabulates values of n for a variety of parachute types.
Greene '37 concluded, based on an approximate comprcssible flow analysis and NASA data, that the
opening distance increased with Mach number. He presented a technique for predicting opening
distance and inflation times for parachutes deployed supersonically, based on their subsonic
performance. His method correlated well with flight data up to a Mach number of 3.2.

Heinrich5 '3 used the continuity equation (in conjunction with wind tunnel data on canopy
size-time functions) and determined the mass captured by the .canopy that causes the parachute to
inflate. He developed equations for predicting filling times for solid-cloth, ribbon, and ringslot
parachutes for the infinite mass case. These predicted filling times agreed well with the measured
values. Further refinements on constant inflation distance models were contributed by Heinrich" 39

and Lingard.5 4 °

After correlating data from flight tests, Knacke'8 modified Eq. 5.32 to provide a morc accurate
correlation of filling times for ribbon parachutes. His correlation is

8 . 1 (5.33)

where D,, is the nominal parachute diameter and V. is the velocity at line stretch. Note that Eq. 5.33
is dimensionally incorrect, requiring that values for D. and V. be in the same units used by Knacke
in his correlation (ft, ft/s) for this equation to be applicable. The fact that a dimensionally incorrect
equation provide3 better correlation with data than one that is dimensionally correct suggests that the
correlation does not include a complete description of the true physics. Therefore, parachute designers
should use such a correlation only if they have some data to justify its applicability to their own
parachute and payload.

Inflation time flight test data from Maydew and Johnson3' for a reefed, 22.2-ft-diameter para-
chute, Pepper' for a 24-ft-diameter parachute, Johnson and Peterson3 6 for a 46.3-ft-diameter para-
chute, and Peterson et al. '2 for a 5-ft-diameter parachute are compared with Eq. 5.33 in Figures 5.12a,
b, c, and d, respectively. The first three systems were flight-tested at low altitudes at deployment
Mach numbers up to about 1.2. The maximum dynamic pressures at deployment were 2650, 2750, and
2400 lb/ft2 for the 22.2-, 24-, and 46.3-ft-diameter parachutes, respectively. The 5-ft-diameter system
was tested at low altitudes at deployment Mach numbers up to 2.22 (dynamic pressure of 5280 lb/ft 2).

Optical data indicated that the inflated diameter of the aft portion of the reefed, 22.2-ft-diameter
ribbon parachute is consideral ly larger than the reefing line circle diameter; therefore, it was reasoned
that an effective diameter based on drag area would be more representative for filling time
calculations. The calculated effective diameter of the reefed, 22.2-ft-diameter parachute (see Ref. 3.1)
was 14.3 ft. All of the measured filling times were determined from motion picture camera data;
estimation of the time when the canopy is fully inflated is very subjective. Knacke's empirical method
predicts the filling time fairly well for the reefed, 22.2-ft-diameter parachute (Figure 5.12a) and for the
supersonic 5-ft-diameter parachute (Figure 5.12d).

There is considerable scatter in the filling time flight test data (a factor of 2 or greater) for the
24-ft-diameter parachute, Figure 5.12b. The nonrepeatable opening characteristics of this parachute
may be due to the different "Venetian-blind" effects of low-stretch Kevlar ribbons (numbers 22
through 54) compared to the high-stretch nylon ribbons (numbers 1 through 21)-see Figures 12.2 and
12.4. These effects can increase the local effective canopy porosity during opening.

I . '
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The 46.3-ft-diameter parachute was reefed for 0.85 s (from start of deployment) with a 23-ft-long
reefing line to control inflation loads for high-speed deployment. An 89-ft-long permanent reefing line
was used to control overinflation. The flight test data showed that the reefing line was cut before the
parachute filled to the reefed condition for all parachute deployment speeds below 980 ft/s. Hence, the
flight test data in Figure 5.12c represent the time for the parachute to inflate to the full-open
diameter.

Knacke's empirical method predicts filling times about 50% lower than measured value. for the
46.3-ft-diameter parachute. The geometric porosity is very high (21%) for a parachute of this size. The
porosity was chosen to be as high as possible for a slow but repeatable opening, in order to minimize
parachute collapse. Therefore, Knacke's empirical method should be expected to underestimate the
filling time of the 46.3-ft-diameter parachute because the empirical data that defined the correlation
of Eq. 5.33 did not account for such high porosity. We conclude that Knacke's empirical equation is
an adequate approximation for calculating the filling time of parachutes whose inflation character-
istics are similar to those used to derive Eq. 5.33. Designers are cautioned to use Eq. 5.33 with
conservatism, however, because the consequences of overestimating inflation time are often the
destruction of the parachute,

5.3.2.3 Semiempirical methods for predicting inflation loads and filling time

Semiempirical methods for predicting parachute inflation loads and filling time couple simplified
equations of motion with limited empirical data with the intent to extend their range of applicability
to a broader range of parachutes and deployment conditions than would be possible with purely
empirical correlations. Successful semiempirical methods include those of WilcoxP"' Jamison,5

.
42

Ludtke,5
.
43'5 '

4 Heinrich, Noreen, and Hedtke, '45 Heinrich and Saari, 6 26 Toni, 5
.
46 Heinrich,5'1s5

.
39

Nerem and Pake,5' 47 Keck," 4 Sundberg,54 Wolf,', 2 7 .5.28 and McVey and Wolf.5'0

Wilcox5 ' developed his method specifically for application to heavy-duty ribbon parachutes. He
used a momentum method for calculating opening time and transient drag. Solution of his equations
required a priori knowledge of the initial diameter of the parachute at line stretch, K, (flow coefficient
for sharp-edged orifices) and K2 (ratio of velocity of air flowing into canopy relative to the canopy and
the free-stream velocity). He showed good agreement of calculated filling times and transient drag
with flight test data for the high subsonic speed, low-altitude deployment of 16-, 24-, and
28-ft-diameter ribbon parachutes. He also developed a fairly accurate method of calculating snatch
loads for these heavy-duty ribbon canopies. However, Wilcox's method has not been used extensively
because of the uncertainty in predicting the magnitude of the "K" terms.

Jamison542 solved the ordinary differential equations of motion for the parachute-payleid
trajectory in conjunction with algebraic descriptions of the canopy behavior during inflation. He used
the conservation of mass equation to determine the mouth diameter, D,,, and the volume of the
truncated cone and hemisphere assumed for the parachute shape. He assumed a cubic relationship of
the projected diameter of the parachute with time, Closure of his set of equations was obtained by

assuraing that the velocity at the end of inflation is 30% higher than terminal velocity.

Ludtke-4 :- 5' 44 used wind tunnel data to specify parachute diameter as a function of time in his
method for calculating opening forces of solid-canopy parachutes. Heinrich, Noreen, and Hedtke5 '45

measured inflation histories of ringslot parachutes in a wind tunnel to provide input on inflation
dynamics to the equations of motion. Heinrich and Saari5 '26 used data from a flat circular parachute
to obtain the area-time history and inflow function needed as inputs to their calculation of inflation
forces.

Toni5 ' assumed that the canopy shape is hemispherical and used the conservation of mass in the
canopy to determine the radius as a function of time during inflation. Heinrich ..5 .39 also based his
inflation model on the mass equation in the canopy. As noted earlier, Heinrich included added mass
effects in his model. Following Toni's approach, Nerem and Pake5"'7 employed the conservation of
mass equation in an analysis wherein the parachute is allowed to alter its shape (in a specified manner)
during inflation.

Keck5'" and Sundberg5"' modeled the parachute suspension lines and canopy as a collection of
point masses connected elastically. They calculated the motion of each mass in response to the
inertial, tension, gravitational, and aerodynamic forces acting on it. Aerodynamic forces were input to
the computer code as either empirical data or as an analytical function for canopy differential pressure
distribution. Computational results depend strongly upon the pressure distribution used to approx-
imate the aerodynamic forces acting on the inflating parachute.
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The inflation model of Wolf5 '2 7
.
5'28 and McVey and Wolf '1 is a significant advance beyond

inflation models that rely on either prescribed parachute diameter as a function of time or on thecoliservation of mhass in the canopy. These authors were the first to solve equations for the axial andradial momentum of the parachute in addition to the equations of motion of the system along its flight

path. Wolfl "28 used a single radial degree of freedom, which restricted the inflation model to unreefed
parachutes. McVey and Wolf6"0 included additional degrees of freedom, which allowed the modeling
of reefed configurations and elastic modes. The parachute canopy is modeled as two lumped masses-
one at the skirt and the other at the parachute canopy's maximum radius. The equations for the
tangential and radial momentum are solved to obtain the motion of the parachute lumped masses.
McVey and Wolf introduced an empirical radial force coefficient, CR, that is proportional to the axial
coefficient, CA, and varies with canopy porosity. Wolf '27 included the effect of unsteady fluid dynamic
coupling between the radial and axial degrees of freedom in his model; this coupling effect becomes
important when the ratio of parachute apparent mass to payload mass approaches unity. The
computerized implementation of this model was called INFLAT by these authors.

References 5.10, 5.27, and 5.28 show that INFLAT-predicted filling times and transient loads
agree well with flight test data for ribbon and other porous high-performance parachutes. INFLAT i
superior to its predecessors in terms of its physical modeling and its applicability to a variety of
parachute types. It is limited in accuracy primarily by the values of CR/CA used in the empiricism.
Experience with INFLAT at Sandia has shown that CR/CA plays a major role in determining canopy
inflation times and drag. The reliability and accuracy of INFLAT predictions depend on the degree
to which the empirical formulation of CR/CA in the code simulates the CR/CA of the parachute being
designed. In an actual inflation of a real parachute, CR/CA depends on several design parameters that
can be defined by the paracl "te engineer; these include such parameters as the distribution of
porosity in the canopy, the reefing schedule, and the type of parachute. Unfortunately, CR/CA is not
always known with sufficient accuracy for a specific parachute before it is designed. In addition, the
code output is sensitive to several input parameters, such a, initial diameter of the parachute at line
stretch (at the start of inflation) and the magnitude of added mass coefficients. Hence, it can be used
only by an experienced paracht'te designer, one who is ver' familiar with the code. INFLAT is
currently used at Sandia only by its author.

Despite these limitations, INFLAT has set the standard for parachute inflation prediction tools.
While it is evident tsat computational fluid dynamic models of parachute inflation will someday
become the basis for predicting parachute performance and establishing parachute design, it will be
years before CFD (computational fluid dynamics) simulations will be available to design a real
parachute. In the meantime, parachute designers need an INFLAT-type parachute inflation model.
Efforts to extend INFLAT or to develop a similar inflation model based on the equations for the
momentum of the parachute should receive top priority within the parachute community. The goals
of this research should be to seek the level of empiricism needed to:

* Avoid making extensive fluid dynamic calculations to describe the parachute inflation process.
If calculatons are too time-consuming or expensive, the resulting computational method will
not be used as a design tool.

* Reduce the sensitivity of the accuracy of predictions to the particular empiricism used.
* Make the empiricism applicable to a broad range of parachute types and use scenarios.
* Make the cost of obtaining empirical data atfordable (much less than the cost of performing

fluid dynamic calculations). If obtaining sufficient empirical data is too expensive, the money
might better be used to develop CFD simulations that con Ain more inflatio- physics and less
empiricism.

What should be used for today's parachute design assignment? The parachute engineer should not
waste time trying to use semiempirical methods based on conservation of mass or specific parachute.
diameter-vs.-time correlations. The simpler empirical models such as Knackes'5 or Garrard's'3

provide nearly the same physical insight and accuracy for much less effort. Their use, however, is
encouraged only after the designer feels assured that the empiricism inherent in these approaches is
applicable to the parachute being designed.

5.3.2.4 Computational fluid dynamics inflation models

Numerical methods and computational hardware have matured to the point where it is feasible to
solve more of the fluid dynamics of parachute inflation directly on a computer and to rely less on
empiricism to describe the inflation process. Such an approaoh was not realistic ten years ago. Even
today, numerical simulations of parachute inflation zhould not be construed as being ready for use to
design actual parachute systems. The more recent models discussed in this section are research



studies, not design tools. They are "computational experiments" to determine which numerical and
fluid dynamic approximations to the full equations of motion have the potential to become the
parachute design tools of the future. Parachute designers should be apprised that these CFD inflation
models still contain approximations to the real physics of inflation; they are not "exact," even though
no empirical data are incorporated in their models. The approximations in CFD simulations are in the
choice of the equations used to describe the fluid motion, in the description of the canopy (its
dimensionality and degrees of freedom), and in the numerical methods used to solve the equations.
This section reviews the inflation models, the approximations in those models, and their strengths and
weaknesses as future parachute design tools.

The first attempts at computing the fluid mechanics of parachute inflation focused on determin-
ing analytical expressions of the canopy pressure distributions that drive the inflation process. This
is a logical extension of the approaches in the previous section, which used empirical data or presumed
pressure distributions as the forcing functions for parachute inflation. Having constructed relatively
sophisticated computer models of the parachute structure, researchers found that they did not have
enough computational memory or power to solve the viscous, compressible equations for the airflow
in and around the parachute canopy. Therefore, they sought analytical methods for calculating
parachute pressure distributions in unsteady flow.

Eldred and Mikulas54 9 suggested the use of one-dimensional piston theory as a simple means for
estimating canopy pressure distributions. Others turned to inviscid vortex methods similar to those
used for parachutes in steady flow (Chapter 4). Roberts5" ' derived the stress-displacement equations
for the canopy and lines and commented on the form of the unsteady pressure distribution on the
inflating canopy. He then speculated on how the pressure equations might be solved with the
stress.displacement equations. Roberts '51 next derived the unsteady pressure distribution on a
decelerating, inflating parabolic shell of revolution in the presence of an unsteady starting vortex flow.
The unsteady pressure distribution could then be used with the parachute structural constraints to
calculate opening loads and opening times. In each of these papers, Roberts used conformal mapping
techniques to determine the canopy differential pressures. This mathematical aproach limited his
modeling to two-dimensional flow and simple canopy shapes (a parabola was used in Refs. 5.50 and
5.51).

Reddy '52 considered the analogy to a two-dimensional unsteady flow past an inflating deceler-
ating wedge; he developed an equation that related the rate of opening with the strength of a vortex
sheet on the wedge. The solution gives the transient pressure distribution across the wedge surface.
Reddy and Roberts" '3 examined the time history of the inflation of a two-dimensional canopy by
modeling the canopy as a series of hinged plates. They assumed a finite wake flow and a vortex sheet
buried in the canopy. They solved the resulting set of differential equations to calcu'ate the inflation
history of the canopy.

Klimas5 "4 developed a method of calculating inflating parachute canopy differential pressures
based on his steady flow model of a parachute.4 " For the unsteady problem, the time.dependent
Bernoulli equation was used in conjunction with a vortex sheet mathematical representation of the
canopy. This method compared favorably with differential pressures measured in a wind tunnel on
inflating 3-ft-diameter ribbon and solid-canopy models.

As computational capabilities increased, concurrent solution of the equations of motion for the
parachute with the equations of motion for the flow was considered. Purvis5 '3 3 coupled solutions of the
ballistic equations of motion for the canopy, payload, and suspension line masses to the solution of
unsteady fluid conservation equations for a deforming, accelerating control volume to determine the
behavior of the captured fluid and its interaction with the canopy. He included only first-order effects,
and the analysis was limited to inviscid, incompressible flow of only the air entering the canopy. Tb
canopy shape was simplified to represent a cylinder whose height-to-diameter ratio decreased as more
air "inflated" the cylinder. This was the first time that the dynamics equations for the parachute
system and the conservation equations for the enclosed fluid had been solved simultaneously.
Comparison of this method with flight data for a 46.3-ft-diameter parachute showed reasonable
prediction of inflation times and inflation radius histories. The value of this work is not in its
predictive capabilities, however, but in showing that this approach holds promise as a basis for
developing future parachute inflation prediction tools.

Purvis 6
.
55 extended this theory by combining the same fluid conservation approach with the

equations of motion for a discrete element representation of the canopy, suspension lines, payload,
and deployment bag/pilot parachute. The discrete element model is the same as the one developed by
Purvis 2 for predicting parachute line sail. As in his earlier work,533 Purvis con3sidered only the air
flowing into the canopy; the air flowing around and behind the canopy %.s not considered.

,. I- ~
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Computations began at deployment initiation, continued through canopy stretch, and predicted the
canopy shape and drag throughout inflation. Purvis' results showed good qualitative agreement with
observations of parachute inflation. They also proved that quantitative agreement could not be
achieved until calculations of the entire flow field (around and behind the canopy in addition to the
flow into the canopy) were included in the inflation model.

With the realization that computations oftthe entire flow field in and around the parachute are
needed for accurate predictions of canopy pressure distributions and inflation parameters, more
recent development of vortex models has concentrated on methods for simulating the wake behind the
parachute. Meyer and Purvis6'66 developed a vortex lattice theory for predicting the unsteady, viscous,
incompressible flow about bluff, parachute-like bodies. Since all vortex panel and vortex lattice
methods are inviscid, some approximate method must be introduced for simulating the boundary
hyer on the canopy. This is necessary to model the generation of free vorticity which, in this work, is
convected and diffused within the boundary layer and passes into the wake. Meyer and Purvis55

applied their model to the time-dependent flow over a cylinder started impulsively from rest. They
calculated the pressure distribution over a circular cylinder and described how to extend this method
to parachute shapes. Purvis lectured on these methods at the 1985 Helmut G. Heinrich University of
Minnesota Short Course on Decelerator Systems Engineering 1.21

McCoy and Werme,557 Strickland, ' S6 8 Sarpkaya, ' 9 Sarpkaya and Lindsey," ' ° and Frucht and
Cockrell"' have also constructed two-dimensional vortex models that describe the unsteady flow
about various representations of a parachute canopy. Each model has its own approximations for
modeling the canopy surface, satisfying the flow boundary conditions'at the surface, and initiating the
vorticity shed into the wake behind the canopy. Shirayama and Kuwahara5' 2 have developed a
"vortex stick" method to simulate a three-dimensional wake behind circular disks and parts of a
sphere impulsively started from rest. Strickland 5 6

1 and Sarpkaya 5 have reviewed these vortex
methods, whose predictions have been compared with data from controlled experiments by Higuchi
and Park'56 Sarpkaya,"' Higuchi,'- and Oler, Lawrence, and Adamson."' Belotserkovskii et al.5 -'
use vortex methods to model both cup.shaped parachute canopies and gliding parachutes. Some of
their calculations model the payload as well as the parachute. Note that all of these computational
models presume the shape of the canopy and assume that it is constant during the time span of the
unsteady fluid calculation. To date, only Purvis 5  5 has attempted to include the change of canopy
shape as part of the fluid dynamic calculation.

Vortex methods show promise for predicting the unsteady pressure distribution around an
inflating, decelerating parachute, as long as they include sufficiently accurate methods for determin-
ing where vortices are shed from the canopy during inflation. Viscous dissipation of the shed vortices
is not taken into account in these inviscid computations, but viscous dissipation is not important in
the short period of time during which the vortices are created and move well downstream of the
parachute canopy. Computations of pressure distributions over the canopy using vortex panel
methods should be accurate even though viscous dissipation is ignored.

To minimize errors associated by representing the canopy by a finite number of discrete vortices,
many vortices must be included in the computation. However, the time and expense of the
computation increase as the square of the number of vortex elements. Today's computations involve
thousands of vortices in the flow field. Researchers are beginning to observe that the cost of such
computations may not be substantially less than flow-field solutions of the viscous Navier-Stokes
equations, which hold the promise of being able to calculate where vortices are shed from the canopy
without requiring the approximations made in inviscid computational methods. Although other
disciplines in aerodynamics and fluid mechanics have been using computational Navier-Stokes
methods for years, the parachute community is just beginning to develop Navier-Stokes solutions for
parachute-like bluff body shapes.

The nonsteady Navier-Stokes equations consist of separate nonlinear, coupled equations for the
conservation of mass, momentum, and energy. They are written in many different forms, depending
on the coordinate system and the particular class of flow problems to be solved. Approximationk to the
full Navier-Stokes equations can be made to recover only the essential fluid physics for restricted
classes of problems; "Parabolized" and "Thin Layer" Navier-Stokes equations are examples of
approximations to the full Navier-Stokes equations that are valid for special classes of flows.
Additional approximations are made in the discrete numerical representation of the set of Navier-
Stokes equations chosen for the flow problems. This is true even for the full set of Navier-Stokes
equations, wb;oh cowiain no fluid dynamic assumptions beyond those associated with treating the
airflow as a continuum of molecules and describing the nature of the viscous interaction of the
molecules in a continuum sense. Further approximations are made in the representation of the body
around which the flow field is to be calculated. Each of these approximations are necessary in order
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to describe nature's continuum of geometric and flow changes on a computer that has finite limits on

memory and operates in a discrete, digital mode. Hence, the parachute designer must realize that even
Navier-Stokes solutions of an inflating parachute will be approximate and will therefore require
careful evaluation before computed characteristics can be trusted to design a parachute.

Steeves 6 9'- 70 was the first to attempt Navier-Stokes calculations for the parachute problem,
using the SALE code developed at Los Alamos National Laboratory. The time-dependent, two-
dimensional Navier-Stokes equations are solved using a finite difference algorithm. He couples the
motion of a free-falling decelerator to the fluid dynamics algorithm. He has studied a flat circular disk,
a hemispherical shell, and a flat circular canopy in steady flow. Stein " ' has extended this work to
include cylinders and an annular canopy.

Using a combination of commercially available grid generation packages and graphics
postprocessors, Barnette5 72 obtained a solution of the steady flow around a hemispherical cup using
the F3D Navier-Stokes code originally developed by the NASA-Ames Research Center and further

refined at Sandia National Laboratories. His work stresses that much must be learned about theeffects of computational approximations and techniques used to perform Navier-Stokes calculations

for paraci-.tes, in addition to what must be learned about the fluid dynamics. However, his work also
shows that computations of this kind will not be limited to those organizations with large
computational fluid dynamics staffs and access to very expensive computers. With the continuing
advancements in mainframe computer capabilities (more storage and faster computations), Navier-
Stokes calculations of parachute inflation will undoubtedly become the parachute engineering design
tools for future high-performance parachute designs. Development of Navier-Stokes methods for
predicting parachute inflation must be given high priority by the parachute technical community.

As advanced computational techniques are improved and engineers are able to calculate the
unsteady flow around an inflating parachute in greater detail, the parachute community will require
extensive experimental data at all Reynolds numbers in order to validate and calibrate the codes. The
development of a well-planned experimental program to guide modeling is lagging behind the
numerical development work and must be accelerated in order to provide full benefit to code
developers.

5.3.2.5 Wind tunnel test data on inflation and canopy aerodynamics

Wind tunnel measurements of canopy pressure distribution, parachute drag, and canopy shape
during canopy filling are difficult to obtain and are therefore not generally available in the open
literature. Some data are considered proprietary and are not reported. Other data apply to parachute
geometries and/or test conditions that are not fully described, thereby limiting the value of the data.
This section reviews data that are well documented with respect to the geometries and conditions
under which they were obtained. Even though all wind tunnel data apply to the "infinite mass"
condition, where deceleration of the payload during inflation is not taken into account, these data are
nevertheless useful as design information and can be used to benchmark numerical inflation
prediction codes as well.

Melzig and Schmidt4 "' measured the external and internal pressure distributions over the canopy
surface and the canopy shape during the inflation of 62-in.-diameter solid and extended skirt models
and 53.5-in.-diameter ringslot and flat ribbon models in a 9-ft by 12-ft low-speed wind tunnel. The
result is an excellent data base of transient flow measurements for the parachute/wind tunnel infinite
mass operating case.

Heinrich and Noreen 573 tested a 3-ft-diameter model of a 28-ft-diameter standard, flat circu'ar
parachute at snatch velocities of 50, 70, and 85 it/s, and measured the nonsteady drag and the canopy
shape (and volume) as a function of time. They compared these measured nonsteady drag values with
calculated values from their analysis of parachute opening dynamics under infinite mass conditions.
The measured values agreed fairly well with the predicted values.

Sandia conducted a series of tests in the LTV 7-ft by 10-ft Low-Speed Wind Tunnel (Holbrook4 '65 )
and in the Naval Ship Research and Development Center's 7-ft by 10-ft Transonic Wind Tunnel
(Ottensoser4 67) to measure transient drag and canopy pressure distribution before and after
disreefing a model 3-ft-diameter, 20-degree conical ribbon parachute in the wind tunnel. The
transient drag measurements were made on parachute models with geometric porosities of 0 %, 10%,
15%, 20%, 25 %, 30 %, and 40%with suspension line lengths of 1.0, 1.5, and 2.0 constructed diameters.
Reefing line lengths of 19, 38, and 57 in. were tested. Transient drag measurements were made with
a one-component strain gauge force balance while the canopy wa,- filling after being disreefed in the
wind tunnel. The strain gauge balance was located in the cable-supported ogive-cylinder model. The
tests were conducted at wind tunnel dynamic pressures of 35 to 600 lb/ft2. The model parachutes were
constructed of 24 gores. The transient shape of the canopy during filling (after disreefing) was

gores canpy _
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measured with a 70mm motion picture camera. These transient drag and canopy shape measurements
are documented by Ottensoser.

Transient canopy pressure distribution tests were made only with the 3-ft-diameter, 25% porosity
canopy model and a suspension line length of 1.0 constructed diameter. These pressure tests were
made at dynamic pressures of 35, 75, and 100 lb/ft2 in the LTV Low-Speed Wind Tunnel. The
pressures were measured with seven Kulite differential pressure transducers (ranging from -1 to
+3 lb/ft2 gauge) sewn to the inside of the canopy at seven radial stations. Transient pressures were
measured during canopy inflation after disreefing from these three initial reefed conditions. The
transient drag was also measured with a strain gauge balance. As before, the shape of the canopy was
determined from 70mm motion picture camera photographs. Pepper and Reed 4' 7 give an example of
these canopy pressure distributions during filling. Heinrich '74 analyzed these data and calculated
drag areas and radial-force coefficients from the transient pressures. The calculated drag from the
pressure data agreed well with the transient drag measured with the strain gauge balance.

Klimas '76 extended the canopy pressure data base into the compressible regime by testing
3-ft-diameter parachutes of 0%, 12%, and 25% porosity in the Calspan 8-ft by 8-ft Transonic Wind
Tunnel at Mach numbers 0.3, 0.6, 0.9, and 1.2. The three nylon parachute models had 3-ft-long
suspension lines. One was a solid flat canopy and the other two were 20-degree conical ribbon
canopies. Six Kulite differential pressure transducers were sewn to the inner radials at equal intervals;
they were evenly distributed circumferentially. An electrically actuated cutter was used to sever the
9-in.-long reefing line, and the output of the transducers was subsequently recorded on magnetic tape.
Klimas' pressure coefficient data and the calculated drag coefficients show a nearly linear decrease
with Mach number.

Wind tunnel test data of parachute inflation is useful because of the control that can be exercised
over the experiment and because more detailed measurements can be made in the wind tunnel than
can usually be made in flight. Additional wind tunnel test data are needed to assist in developing
inflation models. Macha5'76 reviews modern methods for conducting tests of parachutes in wind
tunnels.

5.3.2.6 Flight test data

Three references on personnel parachute flight test data are included because they shed some light
on the phenomena of the transient filling process. These references are Melzig (Ref. 1.9, p. 100),
Berndt and Deweese (Ref. 1.9, p. 17), and Heinrich and Saari. '2 Heinrich and Saari's work was
reviewed in Section 5.3.1. Melzig"' measured the pressure distribution during the opening of
28-ft-diameter circular flat and hemispherical parachutes at low altitudes at deployment speeds of
110 knots, He used four differential pressure transducers equally spaced from vent to skirt for these
measurements. The side profile of the inflating parachutes during these 18 drop tests was photo-
graphed with a 35mm (100 frames per second) ground camera. Melzig provides a good description of
the dynamic process of solid-cloth parachute filling based on these flight test data.

Berndt and Deweese" 9 conducted 60 flight tests of 28-ft-diameter, Type C-9 flat circular
parachutes and 35-ft-diameter, Type T-10 extended skirt parachutes at deployment velocities of 150
to 355 ft/s at altitudes of near sea level, 6000 ft, 13,000 ft, and 21,000 ft. The canopy shape during
filling was photographed. Their analysis of the data showed that the developing shape of both
canopies could be described by relatively simple geometric shapes. They developed a simplified filling
time analysis and compared their empirical predictions with the flight test data for the two
parachutes, showing good correlation. This is an excellent data base for filling time of personnel
parachutes.

Holt4"45 conducted 21 drop tests of a 76-ft-diameter, 20-degree conical ribbon parachute with test
vehicles weighing from 20,000 to 45,000 lb at release altitudes of 25,000 to 45,000 ft at deployment
velocities of 660 to 780 ft/s (dynamic pressures of 125 to 275 lb/ft2). Two reefing stages limited the
opening-shock design loads to 150,000 lb. Most of the tests were conducted with first-stage reefing line
lengths of 35 to 45 ft (with a 4-s time delay) and second-stage reefing line lengths of 75 to 85 ft (with
a 10-s time delay). A 5-ft-diameter guide surface pilot parachute and an 18-ft-diameter ribbon
extraction parachute were ased to deploy the main canopy. This parachute system weighed ,-900 lb
with a packed volume of -25 ft3. The test vehicles were tracked with Contraves phototheodolite
ground cameras for trajectory data, and onboard accelerometer data were telemetered to ground
stations to measure the drag. Onboard free gyros were used to measure the oscillation of the vehicle.
Holt presents data on the opening times of all three stages as well as the times to the occurrence of
maximum load for all three stages. In addition, he tabulated the snatch loads, the maximum drag
loads, and the final drag area for all three stages. The maximum measured drag load was 148,000 lb.
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This parachute-payload system was quite stable, with oscillations of less than -+3 degrees reefed and[ less than ±6 degrees full-open.

Pepper3 4 conducted three rocket-boosted supersonic (about Mach 2.3) low-altitude tests of a
20-ft-diameter, heavy-duty, reefed, conical ribbon parachute with an 890-lb test vehicle at deploy-
ment dynamic pressures of 4700 to 5700 lb/ft2. The reefing time delay for the 12-ft-long reefing line
was 2 s. Trajectory data were obtained from ground cinetheodolites, and the parachute drag data were
obtained with onboard accelerometer data telemetered to the ground station. The maximum
deceleration measured (during the reefed stage) was about 200 g, or 178,000 lb. This was the maximum
drag load measured for a parachute at that time, at least to the authors' knowledge. The first-stage
filling times were less than 0.1 s. Pepper presents deceleration and drag area versus time for these

flights.

Maydew and Johnson3' conducted 29 aircraft drop and rocket-boosted flight tests of a 22.2-ft.
diameter, reefed (the 15.5- or 19.3-ft long reefing line was cut after 0.5 s), conical ribbon parachute
with a 2100-lb test vehicle at deployment dynamic pressures of -400 to 2700 lb/ft2 . Trajectory data
were obtained with ground cinetheodolites, and the parachute drag data were measured with onboard
accelerometers and telemetered to a ground station. Motion picture cameras (200 and 1000 frames per
second) onboard the test vehicle were used to photograph the parachute deployment and filling. Four
ground station tracking telescopes with 35mm and 70mm cameras documented the inflations and
event times. The maximum measured drag (first-stage opening shock) was about 165,000 lb. They
present the time sequences from deployment to second-peak load and the drag loading on the vehicle
at line stretch, at first-peak load, at disreefing, and at second-peak load for the 29 tests, They also
tabulate the Mach number, velocity, and dynamic pressure for each of these transient parachute
filling conditions. A typical vehicle deceleration is presented. Reefed and full-open drag areas were
determined from these flight data.

Pepper '"" conducted 31 aircraft drop tests, 11 rocket-boosted tests, and 28 sled-launched
free-flight tests of a 24-ft-diameter Kevlar/nylon conical ribbon parachute with a 760-lb test vehicle
at deployment dynamic pressures of 310 to 2700 lb/ft2 (up to Mach 1.6). The onboard and ground-
based cameras and other instrumentation were similar to those used by Maydew and Johnson.:" The
top 21 horizontal ribbons of this 24-ft-diameter parachute were nylon, whereas the lower 33 horizontal
ribbons and the suspension lines were Kevlar. An opening-shock deceleration load of -240 g was
measured on two rocket-boosted tests; this is believed to be a record for a parachute decelerator.
Pepper tabulates the deployment time, filling time, deployment dynamic pressure, and opening-shock
load for each test. He also presents plots of typical deceleration versus time, and parachute inflated
area versus time.

Johnson and Peterson"6 conducted 23 aircraft drop tests, 4 rocket-boosted tests, and 8 sled-
launched free-flight tests of a reefed 46.3-ft-diameter conical ribbon parachute with a 2465-lb t..st
vehicle at deployment dynamic pressures of 300 to 2400 lb/ft (up to Mach 1.48). The onboard and
ground cameras and instrumentation were similar to those descrioed by Maydew and Johnson.'
They measured a maximum opening-shock drag load of about 165,000 lb. They tabulated the
deployment conditions (Mach, velocity, altitude, and dynamic pressure), the maximum deceleration,
and the inflation time for each test. They also plot a sample deceleration versus time, and canopy and
skirt diameter versus time during and after canopy filling.

Peterson et al. 2 conducted 19 rocket-boosted tests of 4- to 5-ft-diameter hemisflo, biconical, and
20-degree conical ribbon parachutes with an 800-lb test vehicle at deployment dynamic pressures of
-400 to 4500 lb/ft2 (Mach numbers up to 2.12). The onboard and ground cameras and instrumen-
tation were similar to those described by Maydew and Johnson.3" They tabulated the deployment
conditions (Mach and dynamic pressure) and the maximum vehicle deceleration or paachute drag.
They also present plots of effective drag area versus Mach number during the inflation and transient
deceleration process for the five parachute configurations. These tests showed that the 20-degree
conical parachute with 9-ft-long suspension lines best satisfied the drag and stability design criteria.

Analysis of flight test parachute drag and filling time data for high-performance parachutes
should provide the designer with some insight into the design compromises required to design,
fabricate, and flight-test-prove a new high.performance system successfully. Flight tests are very
expensive; therefore, organizations that conduct or sponsor flight tests should emphasize the
importance of analyzing and documenting all data from the tests. Unfortunately, potentially valuable
data are not obtained from flight tests because sponsors may be unwilling or unable to pay for
anything beyond the most basic understanding of how the parachute system performed. The
parachute community must educate themselves and the sponsors of flight tests so that fuil advantage
may be taken of the knowledge that can be derived from flight tests of high-performance parachutes.



1165.3.3 Wake-induced canopy distortion or collapse

In late 1979, Sandia encountered wake-induced canopy collapse in flight tests of a 40-ft-diameter,
20-degree conical ribbon parachute with a 2465-lb payload. Severe canopy collapse occurred shortly
after full inflation of the parachutes during transonic, low-altitude releases of the payload from an
A-7C aircraft at Tonopah Test Range (TTR). A rocket-boosted parachute test was conducted in
December 1979 at a deployment dynamic pressure of 1530 lb/ft2 ; again, the 40-ft-diameter parachute
collapsed and then reinflated. In January 1980, a low-deployment dynamic pressure (302 lb/ft2)

free-flight test was conducted at the Sandia Rocket Sled Track with similar results.

The photographs in Figure 5.13 illustrate the severity of the 40-ft-diameter parachute collapse;
they were taken at TTR with ground documentary motion picture cameras during the November 1979
A-7C aircraft drop test. The test vehicle was released from the A-7C at 514 KCAS (knots calibrated
airspeed) and 2051 ft above ground level. The 88-ribbon, 40-ft-diameter parachute with a 23-ft-long
reefing line developed a peak load of 32 g, as predicted, and inflated from canopy stretch to full-open
diameter in 0.98 s. Shortly after reaching its full-open diameter, however, the canopy experienced
major collapse, as illustrated in the sequential photos shown in Figure 5.13. Opposite sides of the
canopy skirt were almost touching, and there was risk that the suspension lines or cut knife lanyards
could become entangled. Motion pictures revealed that the parachute recovered from the collapse and
eventually reinflated.

Figure 5.13. Postinflation canopy collapse of the 40ft-diameter main parachute

L
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kReview of the documentary film of the four flight tests showed that parachute collapse occurred
over the entire deployment Mach number range of interest for low-altitude delivery of payloads. 'i'he
magnitude and duration of parachute collapse were severe enough to alter parachute performance
dramatically. Collapse occurred while the payload was at a relatively low velocity, but still
significantly above the desired impact velocity of 70 ft/s. Since collapse occurred at relatively low
dynamic pressures, parachute reinflation occurred slowly; the typical duration oi ihe collapse wasseveral seconds. During this time, the deceleration history of the payload changed significantly. In

some tests the payload maintained an almost constant velocity during the collapse, whereas in other
tests the velocity increased during the collapse. These data showed that the extent of the collapse and
the time to recover were somewhat random; the drag area during the collapse phase was different for
e, ery test.

These four flight tests, over a wide range of dynamic presures, left no doubt that collapse was a
berious design problem. The design specifications for this system were very stringent. The parachute
system was required to decelerate the 2465-lb payload from an altitude of 150 ft at aircraft release
velocities from 300 to 800 KCAS to a velocity of 65 ft/s (at sea level) or 70 ft/s (at 506V ft mean sea
level) at ground impact. These specifications could not be inet vith this 40-ft parachute if any
eppreciable drag was lost due to parachute collapse during the 3 s between parachut-e deployment and
ground impact.

Deceleration of a 2465.lb payload from a velocity of 800 knots to a velocity of 70 ft/s at low altitude
in 2 or 3 s involves the transfer of a large amount of kinetic energy from the payload to the air around
it. The air is accelerated in the direction of the payload motion and has a tendency to overtake the
parachute at the end of the deceleration process. If the initial kinetic energy of the payload is large and
the deceleration is very rapid, the wake behin,d the parachute may overrun or recontact the parachute
and cause it to collapse. This is shown schematically in Figures 5.14a, b, and c.

Sandia immediately initiated an extensive analytical and flight test program in an effort to
understand the collapse phenomena and develop a new design whose performance was not compro-
mised by postinflation wake recontect, Spahr and Wolf 77 verified analytically that the parachute
wake cou!d overrun the parachute. They did so by adding an approximate unsteady wake model to the
parachute inflation code INFLAT. The wake was represerted by creating "slugs" of air whose
momentum corresponded to the momentum extracted froi. the payload by the parachute during a
short time interval during inflation. Each slug moved along the flight path at a velocity dictated by its
momentum. The location of the slugs was tracked by the computer program, which also tracked the
decelerating parachute and payload. Their computed slug trajectories showed that the wake behind
the 40-ft.diameter pai -chute could indeed catch up to the parachute and cause it to collapse. INFLAT
predictions of velocitN, "anopy diameter, and deceleration versus time for the flight test shown in
Figure 5.13 are compared with the flight test data in Figures 5.15a, b, and c, respectively.

Parametric sensitivity studies were then made with the modified INFLAT code to obtair more
insight into this phenomenon. From their computer studies, Spahr and Wolf concluded that, because
the 40-ft parachute inflates so rapidly, most of the forebody momentum is contained in a very short
length of wake, causing the wake to overrun the canopy and the parachute to collapse. This led to the
speculation that a larger parachute, which inflates more slowly, would spread the payload's
momentum over a longer length of wake. This would allow more of the momentum of the wake to
dissipate before the wake contacts the parachute, thereby decreasing the severity of the parachute-
wake interaction. The INFLAT code calculations provided qualitative design information.

Ashurst provided additional insight to this wake-interaction problem by modeling the fluid
mechanics of a forward-facing rigid cup impulsively started with vortex shedditig at the cup lip.
Although his model was different from Spahr and Wolf's, he was also able to show that canopy
collapse was caused by the wake behind the parachute catching up to the canopy from behind. Years
later, the conformal mapping method developed by Sarpkaya 5 65 and the vortex methods developed bySar•k5y58 5 .59 • ' 5 a60
Strickland,' Sarpkaya,' and Sarpkaya and Lindsey also reprod .ced the wake recontact
phenomenon for two-dimensional shapes.

Free-flight tests of 26.5-ft-diameter solid-canopy parachutes and 20-ft-diameter ribbon para-
chutes were conducted at Sandia's Rocket Sled Track to assess this model of parachute collapse. The
collapse phenomenon was reproduced in these tests, and the model of collapse was confirmed
experimentally by attaching colored streamers to the parachute canopies and observing their motion
as the wake approached the canopy from behind.
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Three flight tests-one sled test at maximum-design dynamic pressure and two aircraft drop tests
aet low dynamic pressure-were conducted to evaluate modifications to reduce the severity of collapse.
It was postulated that the wake recontact of the canopy is aggravated by the sudden shedding of
vorticity at the skirt as the canopy diameter exceeds the ,,teady-state, full-open diameter at the end
of the canopy inflation process. Therefore, the 40-ft parachute was fitted with a 77-ft-long permanent
reefing line at the canopy skirt on these three tests to observe its effect on canopy collapse. In each
test, the deformation of the canopy due to wake recontact was not as severe as in tests where no
permanent reefing line was used. Similar results were obtained with sled track tests when the 26.5-ft
solid canopies and 20-ft ribbon parachutes were flown with and without permanent reefing lines.
However, these flight tests did not confirm that the shedding of vorticity at the canopy skirt was the
principal cause of wake recontact and, subsequently, of parachute collapse. It is possible that
permanent reefing alleviates parachute collapse because it decreases the drag area of the parachute
(the momentum exchange from the payoad to the wake would be spread over a longer wake) and
allows the parachute to outrun its wake.

An attempt was made to correlate the magnitude of the 40-ft parachute collapse (admittedly a
very subjective judgment) with canopy inflation time. It was postulated (Spahr and Wolf '77 ) that
parachutes that inflate rapidly may experience greater collapse than those that inflate slowly, because
of the greater concentration of momentum in the wake of air behind the canopy. However, no

definitive correlation of the magnitude of collapse with canopy inflation time was observed from flight
tests of the 40-ft parachute. This lack of correlation may be caused by the wake of air missing the
canopy (even when it has enough momentum to overtake the parachute), rather than by an incorrect
hypothesis of the collapse mechanism. The energetic wake can miss the parachute because of
curvature of the payload/parachute trajectory with respect to the wake, crosswinds that interact
differently with the wake and the parachute, and the aircraft wake/downwash that may displace the
wake relative to the canopy. These "miss" mechanisms were confirmed by films taken of TTR flight
tests, sled tests, and subscale parachute inflation experiments at Sandia's Sol Se Mete cable site.

The extensive collapse studies led to the design of a 46.3-ft-diameter ribbon parachute, reefed for
0.85 s (after deployment is initiated) with a 23-ft-long line, and permanently reefed with an 89-ft-long
line to control overinflation. Johnson and Peterson describe the design of this 46.3-ft parachute,
which meets the payload system design requirements and minimizes the collapse phenomenon. The
design of this parachute is further discussed in Chapter 12.

Our experience with the 40-ft-diameter pitrachute is an indication that wake recontact may be a
direct consequence of using strong, lightweight materials such as Kevlar in high-performance
parachute design. With Kevlar, a parachute can be made large enough to cause rapid deceleratior, ,f
the payload while being small enough to fit in its allotted volume in the payload. If this is true, then
parachute designers will need analytical or empirical methods to help them know what design
parameters to adjust in order to avoid collapse.

Strickland and Macha 5
79,5.80 conducted a series of drop tests of a 10-ft-diametee ringslot

parachute from a helicopter where they systematically varied the payload weight and tho Froude
numbers. Their experimental data, which included velocity and parachute diameter time histories,
provided considerable insight into the collapse phenomenon. The onset of the wake recontact occurs
at a ratio of deployment velocity to terminal velocity of -4 and becomes progressively more severe as
the velocity ratio increases to -10. From their experiments, Strickland and Macha developed a
parameter that predicts the onset of collapse as a function of velocity ratio and mass iatio (defined as
the payload mass divided by the mass of air contained in a cube of size D,). They also present
correlations on inflation times, time to canopy collapse, and opening load factors, which may be
applied to other parachutes.

Oler 5 ' modeled the fluid and payload motion as a coupled transient phenomenon for predicting
the transient deceleration of the parachute and the development of a trailing wake. His work is a
refinement of the approach taken by Spahr and WolfP 77 He correlated the parachute opening process
using an empirical expression for the parachute's drag area as a function of time during inflation.
Similarity velocity profiles are used to describe the wake velocity distributions. An integral
momentum balance is applied to relate the parachute drag force to the rate of change ef momentum
in the fluid. HL predictions of velocity decrease, and wake recontact with the canopy, etc., correlated
well with the data of Strickland and Macha.
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Sarpkay a5.6 5 conducted experiments of towed circular arcs in a water channel where the models

could be decelerated in the same way that a payload is decelerated by the drag of the parachute in
full-scale flight. His results show wake recontact and provide the drag history and flow field during 'he
wake development and recontact. Oler et al."82 used a tow tank to investigate cambered plates thet
are impulsively started, then held at constant velocity, and then decelerated at a constant rate. Their
experimental results confirm predictions by Strickland '-" and Sarpkaya5 '59 for 1200 and 1800 plates,
but not for 2400 plates. They indicate the range of porosity and decelerating conditions for which wake
recontact can be expected to occur.

Strickland,5 ' 3 and Fullerton, Strickland, and Sundberg '
.

4 have developed approximate methods
for calculating aircraft downwash on parachute performance. Payload/parachute system turnover and
wake recontact may be strongly influenced by the wake of the delivery aircraft. This is especially true
if it is a large, heavy aircraft, maneuvering at the time that the parachute is rapidly inflating close to
the aircraft. Strickland 5 ' calculated that, for a 2 g pull-up, downwash velocities of -- 35 ft/s occurred
on the parachute system along with streamwise velocities of -35 ft/s, which could contribute to the
wake recontact problem. Fullerton, Strickland, and Sundberg5 

84 refined the vortex panel represen-
tation of the aircraft's wing, combined the vortex panel method with a two-body trajectory code, and
showed good agreement between predicted downwash velocities and those measured in a NASA wind
tunnel test of a B-113.

One can envision requirements for payload deceleration for which wake recontact cannot be
avoided. In such circumstances, the designer might consider a cluster of smaller parachutes rather
than a single large parachule. The cluster system might redice collapse effects by spreading the
payload's momentum over a It rger-diameter wake, and the smaller cluster canopies might better resist
collapse and reinflate more qLickly than a single large parachute.

5.4 Trajectory dynamics

Engineers have been solving the equations of motion for the parachute and payload under the
influence of gravitational and aerodynamic forces for many years, albeit with different levels of
approximatioa, degrees of freedom, and numbers of independent bodies included in their models.
Purvis' 21 has identified the various analytical techniques needed to predict system performance
during all phases of parachute operation, fron. "free flight" of the payload (before parachute
deployment), through inflation, to steady-state descent. The necessary techniques are listed in the left
coluni of Table 5.4. The solid symbols ind :rce whici, techniques are required for the various stages.
The importance of trajectory analysis is obvious, since it is the only technique required for every stage.
Excellent discussions of trajectory dynamics are given by Purvis'2 (his Trajectory and Loads
lecture), the Parachute Design Guide, 2' Ewing, Bixby, and Knacke, ' 7 and Cockrell." These
references give the equations of motion, axis systcm, and simplifying assumptions. Other important
basic references are White and Wolf,4 72 Wolf,4 73 Tory and Ayres, 7' Neustadt et al.,' " Sundberg,
Gamble,"85 Whitlock,5"' Doyle and Burbick," ' and Cutchins, Purvis, and Bunton."' 8

Table 5.4. Stages of System Flight

Stages
System

Modeling Payload Decelerator Deceleration System
Technique Free Flight Deployment Inflation and Turnover Descent

Trajectory
dynamics
Elastic
structure 0

dynamics

[ecelerator
steady-state
aerodynamics

Decelerator
unsteady
aerodynamics
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Purvis' 2 points out that trajectory analysis consists of the numerical or analytical solution of a
set of time-dependent differential equations which, subject to specified initial conditions and para-
chute design parameters, describe the motion of a system. Trajectory analysis methods may generally
be characterized by two parameters: the number of degrees of freedom of the equations of motion and~~the axis system (or systems) in which the equations are written. Purvis" 2 shows the input parameters !
and the output variables of a 2-DOF, a 3-DOF, and a 6-DOF trajectory analysis. He states that one of

the simplest and most efficient methods of writing and solving the 6-DOF flight dynamics equations
(see Ref. 5.88) uses earth-fixed axes for the translational equations, body axes for the rotational
equations, and a direction cosine matrix for converting variables between the two axis systems. He
uses this approach for the development of both the 2-DOF and 3-DOF models.

The simplest trajectory model is called a point mass system, wherein all physical attributes of the
body (or bodies), such as its mass, lift, and drag, are concentrated at a single point in space. The
motion of a 2-DOF point mass system is constrained to the vertical plane, and because of the point
mass assumption the system has no rotational inertia. The two degrees of freedom are horizontal and
vertical translation. For symmetric parachutes flying at low angle of attack, the only forces acting on

the point are gravity and the decelerator drag force. The drag force must always lie along the system
velocity vector. This point mass model is usually used for preliminary design calculations if only
general flight parameters (e.g., total range or time from release to ground impact) are desired.

The next level of approximation in trajectory analysis is the 3-DOF system, which adds rotational
motion to the horizontal and vertical motion modeled in the 2-bOF equations. The system is still
constrained to the vertical plane, but the forces acting on it are more complex. Since the payload now
has a horizontal axis, the orientation of the velocity vector with respect to this axis produces both an
axial force and a normal force, both of which are a function of the c.,,e of attack. The 3-DOF analysis
requires a more complex model of the decelerator-payload geometry, and the simulation results will
then be "model-dependent."

Purvis defines four basic types of derlerator models that may be used with the 3-DOF trajectory
equations. They are (1) massless, (2) rigid single-body, (3) rigid two-body, and (4) e tic. In the
massless decelerator model, the decelerator remains aligned along the payload veloc; y vector. The
decelerator produces only a drag force, which acts through the attachment point and thus generates
a stabilizing moment.

The rigid single-body model assumes that the decelerator axis of symmetry remains aligned with
the longitudinal axis of the payload. The decelerator produces a drag force, a lift force, and a moment.
All forces and moments are assumed to act at the system's center of mass, which is not the same as
the payload's center of gravity. This model requires detailed knowledge of the decelerator aerody-
namics and further assumptions about the effective decelerator mass and rotational inertia. The
output is deceleration, velocity, altitude, range, and pitch angle.

The rigid two-body model assumes that the decelerator and the payload system consist of a point
mass connected to a rigid body by a massless rigid link that is pinned at the attachment point. This
model contains the desired attributes of both the massless model and the rigid single-body model. It
also has all of the drawbacks of the rigid single-body model and requires additional equations to
represent two-body coupling.

In the elastic model, mass node equations of motion for the decelerator and elastic suspension
lines are solved simultaneously with the payload's rigid body equations. This model is the most
complicated, but the most physically realistic, of the four. Purvis discusses this in detail in his lecture,
"Numerical Simulation of Decelerator Deployment. " '21

For many high-performance parachute applications (low-altitude delivery of a payload, for
example), it is necessary to compute the pitch angle as well as the trajectory angle because the design
requirements may specify a minimum payload impact angle or angle of attack. Hence, these 3-DOF
codes are a requirement for many high-performance parachute design iterations preliminary to
selecting a parachute system.

White and Wolf1 
72 studied the three-dimensional motion of a freely descending parachute with a

5-DOF analysis (the roll motion is neglected) to investigate parachute dynamic stability. Wolf' 73

continued this work by studying the three-dimensional motion of a nonrigid parachute and payload
system to investigate dynamic stability. He assumed that both the parachute and the payload have
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5 degrees of freedom (roll neglected) and that they are coupled together with a riser. These studies arediscussed in Section 4.4.2.

Purvis1 
21 refers to Whitlock" ' for the development of the 6-DOF equations of motion. He uses

a modified Euler scheme, which is as accurate as a fourth-order Runge-Kutta method, to solve the
equations of motion. The computer code output is deceleration, velocity, altitude, range, cross-range,
heading angle, pitch angle, and roll angle.

When details of the flight trajectory or payload/parachute motion must be calculated, the
parachute and payload may have to be modeled separately. Schatzle and Curry '14 make reference to
unpublished work of Sundberg and Meyer who developed and used a sophisticated 12-DOF digital
code to calculate the motion of a two-body (parachute and payload) system. Both the payload and the
parachute were modeled with 6 degrees of freedom each and were elastically coupled together. This
code (called SANAF) was developed jointly by the USAF and Sandia. Schatzle and Curry calculated
the motion of a two-stage lifting parachute and payload followed by a conventional parachute
decelerating the payload.

Schatzle and Curry' "4 developed a 9-DOF analog/digital code to simulate the flight characteristics
of a payload retarded by a lifting parachute and then by a second-stage conventional drogue
parachute. Their simulations agreed well with calculations using a 12-DOF digital code and with flight
test data (see Section 3.2.1.3).

Doherr and Schilling" s9 developed a 9-DOF model for predicting the complex motion of both the
payload and the parachute when the parachute is rotating. The 3-DOF parachute is connected to the
6-DOF payload by a joint. They show the data needed to describe the payload and parachute in their
model. The list of required information is long, emphasizing again that the engineer must provide
more details about the physical and aerodynamic characteristics of both payload and parachute when
using trajectory models with many degrees of freedom. Doherr and Schilling's computer simulation
includes animation of the payload/parachute motion and is an excellent example of what modern
trajectory dynamics codes can (and should) provide the parachute designer.

Future trajectory codes will be designed to track multiple bodies connected by elastic lines. The
advantage of using multiple bodies connected by elastic lines is that the equations describing the
motion of each body are independent of all other bodies except the force (and moment) applied to the
body by the connecting lines. Thus, two elastically connected 6-DOF bodies are treated as two 6-DOF
bodies, rather than as a single 12-DOF system. This allows greater flexibility in the allowable
configurations, since a special set of coupled differential equations is not required for each possible
configuration. The model for the elasticity and damping between each mass of a multibody dynamic
code must be chosen carefully to avoid physically unrealistic behavior such as excessive rebound when
tension is first applied to textile structural elements.

Sandia has begun development of such a trajectory dynamics code; some of its characteristics are
reported by Fullerton, Strickland, and Sundberg."' It will incorporate various submodels for
parachute system trajectories as they are developed. The mathematical models of inflation physics
that need to be developed and incorporated into the general trajectory code include apparent mass,
aircraft downwash and wake, parachute wake, aerodynamic force and moment coefficients of
canopies, inflation, cluster interaction, line extraction, line aerodynamic coefficient, material tension
with strain rate and hysteresis, and other specialized models. This trajectory code will be structured
so that new or improved models can be added to the code, and only those of interest for a particular
simulation need be invoked.

Three types of bodies are incorporated into the code, and any combination of these three can be
used for any trajectory analysis. The bodies are (1) a 3-DOF point mass body with drag as the only
aerodynamic force, (2) a 3-DOF body with angular orientation determined by its relative position to
another body, and (3) a 6-DOF body with six components of aerodynamic forces and moments. The
genprality of the code is intended to allow solutions to a variety of parachute flight scenarios. These
include turnover of a payload from a low-altitude release with either a single parachute or a parachute
cluster, extraction of cargo from an aircraft including modeling of the platform rotation at load
transfer, and the ability to model parachute deployment, including line sail. The code has been used,
even in this early stage of code development, to model a high-speed snatch of a riser and a parachute.
Eventually, the capability of optimizing a trajectory as a function of various parachute design
parameters will be included.

! .4
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CHAPTER 6

6STRUCTURAL ANALYSIS

,6.1 Background
The Parachute Design Guide2' discusses the need to calculate the parachute stresses during the

design process. The stress distribution in canopies and uspetnsion lines is required if the designer is
to minimize the parachute weight and the packed volume. Packed volume is at a premium for
high-performance parachute systems; many parachutes must be pressure-packed to densities of over
40 lb/ft 3 (roughly the density of oak) because of payload volume limitations.

The stresses in a canopy are caused by the aerodynamic loads acting on the various structural
components of the fabric material. A stress analysis requires knowledge of the shape and fabrication
details of the fabric's structure, the application of the aerodynamic loads, and the characteristics of
the fabric material. The fabric's load-carrying elements have little stiffness and therefore can support
only tension loads, not bending or compression loads. Each type of fabric has its own strength and
elongation characteristics. As was discussed in Chapter 3, the shape and construction vary with the
type of canopy, and the transient shape during opening changes with dynamic pressure and Mach
number.

Maximum stresses for high-performance parachutes occur during the opening process, which is a
period of rapidly changing shape and aerodynamic loading. This has been verified experimentally
many times, with measurements of snatch and opening-shock loads along with observed structural
failure nf suspension lines and canopies. As noted above, the stresses in a parachute canopy depend
on the inflated shape, which depends on the stress distribution. This interaction requires that the
solutions of stress and shape be obtained simultaneously in some iterative fashion. As the parachute
inflates, it deforms to a shape that results in dynamic equilibrium of forces and inertias in all
members. For example, the summation of canopy aerodynamic forces and inertial loads is reacted by
the suspension line forces. Steps in the structural analysis of a parachute are I o determine the shape
and stress distributions for specified states of inflation until the system hes reached equilibrium
conditions to ensure that the maximum stress has been calculated. Much effort has been expended in
predicting and measuring the total suspension line forces for high-performance parachutes. These
total loads are much easier to predict or to measure than the local stresses in the canopy during
inflation.

6.2 Analytical methods and design applications

Thorough literature surveys of analytical methods dating back to the Royal Aircraft Establish-
ment studies in 1919 (the earliest known work), along with descriptive discussions of each method, are
presented by Mullins and Reynolds6 1 and Garrard et al.62 The reader is referred to these excellent
papers for background material on analytical methods.

Knacke 2 
1 provides some general guidelines for the structural design of a flat ribbon parachute,

including the calculation of the stress in a horizontal ribbon as a function of the camber or the
unsupported length (distance between verticals or radials). Jaeger, Culver, and Dellavedowa6 3

developed a method for estimating the maximum horizontal ribbon and radial tape stresses in conical
ribbon parachutes. The upper portion of the canopy was assumed to be a cone with zero meridional
stress, and the lower was assumed to be an ellipsoid with zero hoop tension.

Matejka6'4 used the Jaeger, Culver, and Dellavedowa method to analyze the stresses (and factors
of safety) in the canopy and suspension lines of 12-, 16-, 20-, 24-, and 28-ft-diameter reefed, conical
ribbon parachutes tested by Sandia in its parachute research drop test program (see Maydew and
Blanchard 2 1 

2)
. Forty-nine drop tests were made at parachute deployment dynamic pressures of 280

to 1910 lb/ft2 (deployment Mach numbers of 0.6 to 1.2). There was no parachute damage on 29 of the
tests at deployment dynamic pressures up to 1360 lb/ft2, but the parachutes suffered minor to major
damage on the other 20 flight tests at the higher dynamic pressures. Matejka used the Jaeger, Culver,
and Dellavedowa method to calculate the stress on the maximum-loaded horizontal ribbon (and its
location on the canopy) at the opening shock for the 29 successful tests. The factor of safety of these
1000-lb and 1500-lb horizontal ribbons varied from 1.28 to 9.52 for these 29 tests. The combined
strength of the suspension lines for these parachutes varied from 144,000 lb for the 12-ft-diameter
canopy to 324,000 lb for the 24-ft-diameter canopy. The suspension line factor of safety varied from
2.9 to 21.9 for the 29 successful tests. These test data, along with the stre:ss analysis, formed a data
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base for the Sandia design of heavy-duty ribbon parachutes for stores in that early time period.
Minimum safety margins resulting from that data set, which were adopted for future designs, were 1.5
for horizontal ribbons and 3.0 for suspension lines.

Heinrich and Jamison 5 developed a method to calculate the stress of a fully inflated guide surface
parachute. The guide surface parachute is widely used (usually fabricated in small sizes) as a
pilot/extraction parachute or for store/bomb stabilization. The maximum stresses are probably
encountered at full inflation for these essentially infinite mass conditions, because of the short filling
time and because the dynamic pressure does not decrease very much while the parachute is inflating.

Heinrich and Jamison6 6 developed a general analytical method for calculating the stress of an
inflating or a fully inflated parachute. It can be applied to any type of canopy fabricated of solid cloth,
concentric rings, or ribbons. They assume that the canopy profile of the fully inflated parachute is
either known or can be obtained from full-size or model experiments. They use the method of
O'Hara535 for the intermediate canopy shapes for calculating the stresses during inflation.

Asfour 6'7 proposed that the maximum stress on a canopy is related to the radial velocity, parallel
to the plane of the skirt, when each concentric ring of the canopy reaches its maximum diameter. At
this instant, the radial component of the air inflow must be decelerated. This deceleration results in
a transient hoop stress imposed on the ring of cloth. Asfour developed an expression for evaluating
this stress, designated as snap stress, relating it to diameter and filling time.

Roberts""'0.68 developed a theoretical aeroelastic model for an inflating parachute and obtained a
numerical solution for the shape and stress distribution of a flat circular parachute with uniform
pressure distribution. Roberts observed the closely coupled, complex relationship between the stress
analysis and the pressure distribution during opening.

A major contribution to the stress analysis of high-performance parachutes was made by a group
at Northrop Corporation during the design of the Apollo parachute system. This numerical method,
termed CANO, is discussed by Mullins et al.,'" Mullins and Reynolds,' and Reynolds and
Mullins.6 " They developed an analytical method for determining the unique shape and internal
e istribution that satisfies equilibrium and boundary conditions for a parachute under the influence of
known riser and aerodynamic forces. They treated the parachute as a deformable membrane, using
finite elements with nonlinear elastic properties to represent the structure. An iterative procedure,
performed by a digital computer, was used to find the equilibrium shape. Reefed and nonreefed
configurations can be analyzed, and the canopy may be fully or partially inflated. They showed that
predicted canopy shapes and failure loads agreed with aerial drop test results. They used this
numerical method to successfully design the 17-ft-diameter conical ribbon drogue parachute and the
83.5-ft-diameter ringsail main parachute for the Apollo Earth Landing System.

Reynolds and Mullins 6 9 extended the CANO model to include the effect of vertical ribbons in the
solution of canopy shape and stress distribution. Their parametric study showed that (1) the vertical
ribbons have no significant effect on the profile shape of the canopy or on the horizontal ribbon loads,
but can have a significant effect on the radial member loads; (2) the number of gores have a significant
effect on the circumferential and meridional loads in the canopy; and (3) the effect of canopy cone
angle on circumferential and meridional loads can be significant.

Houmard' developed an analytical method of predicting the dynamic stresses during parachute
inflation to design the 53-ft-diameter disk-gap-band parachute345'346 for the Viking Mars lander. He
used an energy approach that assumed that the work performed by the inflation gas is equal to the
strain energy capacity of the parachute. His computer program uses pressure distributions, canopy
profile shapes, and deployment loads as functions of time during inflation along with nonlinear
load-elongation material characteristics. He obtained axisymmetrical cloth stress distributions for a
finite number of points in time during parachute opening.

Garrard and Muramoto' 20 provided instruction on "Use of CANO for Stress Analysis in Ribbon
Parachutes" at the 1982 University of Minnesota Helmut G. Heinrich Short Course on Parachute
Systems Technology in Minneapolis. CAN02 is a digital computer code, written in FORTRAN, that
predicts the stress distribution for an axisymmetric parachute in a reefed, partially inflated or fully
inflated configuration. The canopy is approximated as a collection of finite meridional and horizontal
elements, smoothly connected to form a gore. Allowances are made for arbitrary gore shapes, material
load-strain properties, axial loads, and differential pressure distributions. They improved the
computational efficiency and the solution convergence by adding a Newton-Raphson procedure. They
indicated that the predicted canopy stresses obtained from CANO2 approximate the stresses
measured in wind tunnel tests. They thoroughly document this new version of CANO2 in their lecture
notes.

-------------------------------------------------------
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At the 1985 University of Minnesota/Sandia National Laboratories Decelerator Systems En,'- -
neering Course in Albuquerque, 2' Garrard, Konicke, and Peterson provided instruction on "I
Parachute Stress Analysis Code for Microcomputer Use." They discuss a computer code called
CANOPC, which is a simplified version of CANO2 and was designed to be used on an IBM PC
equipped with an 8087 Math Co-processor. CANOPC is written in FORTRAN. Features of CAN02
that were eliminated in CANOPC were provisions for optimization, weight calculation, the inclusion
of verticals, and the dir3ct simulation of reefing. They provide instructions for using CANOPC on the
IBM PC to calculate canopy stresses.

Sandia has used the CANO stress analysis code for several designs of high-performance parachute
systems. Wolf 6 " and co-workers at Sandia conducted a preliminary design and analysis of the Space
Shuttle Solid Rocket Booster recovery system for the NASA-Marshall Spn-c Flight Center. The
baseline specifications for this preliminary design study was a 100-ft/s water impact of the 154,000-lb
solid-fuel booster with nose extraction of the drogue parachute at 19,000 ft altitude at a dynamic
pressure of 200 lb/ft2 . A 54-ft-diameter conical ribbon parachute (with one reefed stage) and a cluster
of three 104-ft-diameter conical ribbon parachutes (with two reefed stages) were chosen as a baseline
design for aerodynamic loading ar i stress analysis calculations. The maximum specified parachute
inflation loads were 228,000 Jb "r the drogue and 130,000 lb for each of the three main parachutes.
The recommended design factors, which include the safety factor and the joint, loop, seam, abrasion,
fatigue, etc., losses for the risers, lines, radials, ribbons, vent and skirt bands, and reefing lines are
given in Table 6.1. These recommended design factors were based primarily on Sandia's experience in
designing heavy-duty ribbon parachutes for weapon systems. Wolf used INFLAT code5'2 time-
dependent drag predictions along with flight and wind tunnel aerodynamic data as input to the CANO
code. Typical stress calculations are shown in Figuies 6.1 and 6.2, whLh illustrate the calculated
failure indices for the fully inflated drogue and single main parachutes, respectively. The elements are
numbered from the vent band to the skirt band. The failure index is defined as the calculated load
divided by the rated strength of the ribbon. Thus the failure index defines the nroximity of the
material to the failure strength. This study by Wolf's parametric CANO analysis of aerodynamic loads
and stresses provided preliminary guidance for the baseline design later adopted by NASA for the
SRB recovery system.

Table 6.1. Suggested Set of Design Factors for the SRB Drogue and Main Parachutes

Component
Vent or

Skirt Reef-d
Row Factor Risers Lines Radials Ribbons Bands Line.

1 Safety D - 1.51 1.5 T 1.5' 3.0* 3.0*
M 3.0* 1.51 1.5* 1.5' 3.0* 3.0*

2 Joint, loop, seam D 0.8 0.9 0.9 0.8 0.9 0.9
M - 0.95 0.95 1.0 1.0 1.0

3 Abrasion D - 0.95 0.95 0.95 1.0 1.0
M 1.0 0.95 0.95 1.0 1.0 1.0

4 Fatigue D - 0.95 0.95 0.90 0.95 1.0
M 0.95 0.95 0.95 0.90 0.95 1.0

5 Water' D - 0.98 0.98 1.0 0.98 1.0
M 0.98 0.98 0.98 1.0 0.98 1.0

6 Ultraviolet D - 0.95 0.95 0.95 0.95 1.0
M 1.0 0.95 0.95 0.95 0.95 1.0

7 Combined material D - 1.32 1.32 1.46 1.26 1.11
factor, rows 2 to 6 M 1.34 1.32 1.32 1.46 1.26 1.11

8 Load variation: side D - 1.0 1.0 1.0 1.0 1.0
deploymc it or cka!er M 1.25 1.25 1.25 1.25 1.25 1.25

9 Design factor D - 2.0 2.0 2.2 3.8 3.3
(1)X(7)X(8) M 5.0 2.5 2.5 2.7 4.7 4.2

• Failure results in system failurd

t Standard-cargo and special weapon
t Keep wet
D = Drogue parachutes
M = Main parachutes
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Figure 6.1. Failure indices for fully inflated SRB drogue parachute
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Figu-e 6.2. Failure indices for fully inflated SRB main parachute

Johnson and Peterson3
1.

6 designed a 46.3-ft-diameter conical ribbon parachute to retard a 2465-lb
payload delivered at speeds up to 800 KCAS and at altitudes as low as 150 ft above ground level.
Because the packed volume was limited to 5:7 ft3 for this payload, it was necessary to use Kevlar as
well as nylon in the parachute construction to provide the strength for the maximum-design
opening-shock load of 165,000 lb. A stress analysis was conducted using CANO to optimize the ribbon
and suspension line strengths in order to minimize weight and volume. This 60-gore, 20-degree conical
parachute, which is reefed with a 23-ft reefing line, was analyzed for both the reefed and disreefed
conditions. CANO was used in conjunction with experimental canopy pressure distributions for reefed
and full-open canopy configurations. CANO models the continuous ribbons, radials, vent reinforce-
ment, and skirt reinforcement as finite membrane elements and it predicts the inflated shape of the
canopy for the given pressure distribution and axial load. Figure 6.3 shows the maximum structural
load ratio (tensile load in the ribbon divided by the rated strength) for each ribbon and radial element
for the 46.3-ft-diameter parachute for all pressure distributions and reefed/disreefed configurations.
Thirty-five flight tests (aircraft drop, rocket-boosted, and sled-launched) verified the adequacy of the
design, including the stres analysis. Incipient damage to the canopy and suspension lines was
observed at flight conditions where CANO-predicted structural load ratios appioached the structural
design margin of 0.46.
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Peterson et al.' 2 designed a 5-ft-diameter, 20-degree conical Kevlar/nylon parachute to decele-
rate an 800-lb store from initial parachute deployment conditions of Mach 2.15 at 11,000 ft altitude
(dynamic pressure of 4400 lb/ft2 ). Calculations of structural margins for the parachute were made

49,400 lb (65 g). CANO-predicted load ratios (material rated strength divided by predicted stress)

were over 2.5 for all structura! elements of the canopy. These load ratios were deemed necessary to
survive ribbon flutter, which is not taken into account by CANO. The minimum load ratio was 1.9 for
the Kevlar suspension lines. Nineteen flight tests verified the design of this supersonic parachute,
including the stress analysis.

Sundberg6 12 developed a new computer code, called CALA, to perform structural analysis of
canopies. CALA refers to CAnopy Loads Ana',vsis. It is an extension of the CANO code work done by
the Northrop Company and the University of Minnesota. The CALA code is considered an
improvement over C XNO because it has better convergence reliability, is more clearly written, and is
easier to use. The equations were reformulated for the new solution method. CALA assumes a
symmetric canopy, a steady-state condition, and no strength in the vertical direction. It computes the
inflated shape, loads in horizontal members, radial members, vent lines and suspension lines, and total
drag. Constructed geometry, material properties, dynamic pressure, and canopy pressure distribution
are required as inputs. The CALA code includes the most important aerodynamic loading, which is the

pressure differential across the horizontal members. Aerodynamic forces that arc ignored are the
forces on the suspension lines, vent lines, and the radial and vertical members in the gaps between the
horizontal ribbons. The skin friction and flag drag of the horizontal members are also ignored. The
CALA code shape prediction is compared in Figure 6.4 with shajie data taken by Pepper and Reed 4

.
7

in the LTV Low-Speed Wind Tunnel of a 3-ft-diameter ribbon parachute; the agreement is good. The
stresr distributions in a 64-ft-diameter solid-canopy parachute, as calculated by the CANO and CALA
codes, show good agreement in Figure 6.5. It should be noted that CANO requires a total drag force
as input, whereas CALA calculates a total drag force from an input dynamic pressure.

At the 1987 University nf Minnesota/Carl-Cranz-Gesellschaft Parachute Systems Technology
Course in Wessling, West Germany,' 22 Garrard discussed using the CANO and CALA codes for
parachute design. He made several comparisons of CANO calculations with experimental data and
concluded that, for the ribbon and solid parachutes tested, the calculated stresses tended to be larger
than the measured stresses. The CANO code dates from the late 1960s, and there have been enormous
developments in finite-element coding methods and digital computers since then. He indicated that
the CALA code, although limited to much the same application as CANO, dnes have better
convergence properties and is more easily understood.

The authors recommend that the CALA code be used for the struct-':al analysis of high-
performance parachutes at any stage of the parachute design. The predictions of CALA are limited,
however, because accurate jimssure distributions around the canopy are difficult to measure or
calculate. Despite this limit- ,,n, CALA is and has been a very useful and reliable design tool for
Sandia parachute systems.

0.6 "

Suspension lines- "

0.5 1Structural design margin
" [ "0.4 13,000-1b Vent band + ribbon1Rais

S0.4Rail

0.3 ..... 500-lbRibbons' ........... (51-102)
1000-b Ribbons......0.2 ........... .. .................

0 2 001 ............n
2200-lb0.1 -Ribbonsl
(2-20).......... ..

10,000-lb Skirt band
0 , I , - , I I I , I I I . I , I
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Figure 6.3. Maximum structural load ratios for 46.3-ft-diameter parachute
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6.3 Stress measurement

Heinrich and Noreen 6'1 3 designed an Omega sensor to measure stresses in a 2-ft-diameter wind
tunnel model parachute. The design of this high-sensitivity sensor is based on the theory that a curved
beam experiences very high stresses and deformations when exposed to small bending moments. Such
a beam is fabricated by cutting a slit in a short section of tubing made of an elastic material. A strain
gauge is bonded to this beam to register its deformation, which is an indication of the stress acting on
the free ends. To prevent the beam from influencing the gore curvature, the curved beam is fastened
to the canopy cloth by means of flexible textile cloth. Heinrich and Noreen attached Omega sensors
at stations 50%, 75%, and 90% of the distance around the csnopy from vent to skirt on a 2-ft-
diameter, solid flat circular parachute. Their parachute canopy stress measurements in low-speed
wind tunnel- agreed well with their theory; both their stress theory and wind tunnel data indicated
that the stress levels increase from skirt to vent, primarily because of an increase in the bulge radius.

Heinrich and Saari6.1' measured the circumferential stresses on 5-ft-diameter solid-canopy and
ringslot parachutes in a low-speed wind tunnel during inflation under infinite mass conditions and at
steady state. Five Omega sensors were placed along gore centerlines, and a force link measured
stresses and the parachute force versus time. Radial stresses were measured on a 3-ft-diameter solid
flat circular parachute at steady state. The vent-to-skirt stress distribution fo" the 14% porosity
ringslot parachute is shown in Figure 6.6, where em* is the maximum stress divided by the nominal

diameter times the dynamic pressure of the parachute and S* is twice the distance from the vent
center divided by the parachute's nominal diameter. The plotted data from five wind tunnel test runs
illustrate the repeatability of the experiment. The ringslot parachute data show that the stress is
about equal at the vent and at the skirt during inflation, whereas the stress is higher at the skirt than
at the vent under steady-state conditions.
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Figure 6.6. Maximum stress, a.*, along gore centerline of ringslot
parachute, dynamic pressure = 9.0 lb/ft2

Braun and Doherr6 5 investigated the properties of the Omega sensor for stress measurements
by conducting tests with a 3.5-ft-diameter circular flat parachute deployed from 4.3-in.-diameter test
vehicles that were launched horizontally from a cannon operating on compressed air. In
20 free-flight tests, i'. v simultaneously measured the radial and circumferential stresses in adjacent
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gores. For comparison, the tensile force at the confluence point was also sensed by means of a force
transducer. The maximum radial stress was about four times the maximum circumferential stress.

Garrard and co-workers at the University of Minnesota have continued experimenting with
Omega sensors to measure stress distribution in wind-tunnel-model parachute canopies. Konicke and
Garrard6

.
6 measured the circumferential stress in a 4.6-ft-diameter flat ribbon parachute of 20%

porosity during inflation and at steady state. They concluded that the ratio of the maximum stress
during inflation to the steady-state stress ranges from -1.25 to 1.75, with the maximum value
occurring near the skirt and the minifium occurring at -- 30% of the distance from the apex to the
skirt. This ratio of maximum stress to steady-state stress is much smaller in slotted parachutes than
in solid parachutes.

Garrard and Muramoto 6 '17 used the CANO code to calculate the stresses for the steady-state
wind-tunnel-model parachute test conditions of Konicke and Garrard. '6 They compared measured
stresses with the calculated stresses in Reference 6.17; this is believed to be the first comparison of
calculated CANO stresses with wind tunnel experimental data.

Garrard, Konicke, and Wu6
.
1 conducted low-speed wind tunnel test- of 18-in.-diameter models of

a 25% porosity ribbon parachute. The parachute was instrumented with Omega sensors for stress
measurements and pressure taps for pressure measurements. -1 he canopy shape was measured
photographically. They indicated that the stresses calculated using CANO tended to be higher than
the measured stresses. The shapes predicted using CANO were not very close to the shapes measured
photographically. However, if the vent boundary conditions of CANO are changed so that the
calculated and measured shapes nearly match, then the calculated stress is much lower and closer to
the measured stress. Garrard et al.6 2 compared wind tunnel stress data for an 18-in.-diameter ribbon
parachute with stress calculated using a modified version of CANO; this modified version gave a better
representation of canopy shape and stress. Figure 6.7 shows a comparison of the measured stress
distribution with calculated stress from the original CANO code and the modified version (CANO3)
with two different vent boundary conditions. When the vent boundary condition was changed to give
a good match of canopy shape, then the calculated stress was much closer to the measured stress (the
lower, calculated stress curve in Figure 6.7). Garrard et al. show that CANO3 does not converge as
rapidly as CANO, and that ther- are other limitations on CANO3 use. They also conclude that
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Figure 6.7. Calculated and measured stress vs. S* for 7.8 lb/ft 2 dynamic pressure: (I) CANO
conventional vent slope; (II) CAN03 conventional vent slope; (III) CAN03 modified vent slope
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perhaps a new structural design code should be developed that could benefit from the rapid strides
that have been made in finite-element methods and computers in the last 20 years. The althors
believe that the CALA code satisfies these criteria.

Niemi'3 9 provides a critical review of the state of the art for measurement of stress in parachute
fabrics. He reviews the Omega sensor in detail and explain- some of the problems associated with its
use. Other types of stress- or strain-measuring transducers ,.'at have been used with parachutes, or
that show potential, are also reviewed.

Methods of measuring stresses and pressures simultaneously in full-scale high-performance
parachute systems during the canopy-filling process and in steady state in flight tests need to be
developed to verify any stress-prediction code. Simultaneous pressure distributions and stress
measurements are required because comparisons of calculated and measured stresses are appropriate
only if the codes use measured pressure distributions as inputs. Further development of both pressure
and stress measurement techniques is needed in order to make such measurements on inflating
parachutes at realistic flight conditions.
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CHAPTER 7

WIND TUNNEL TESTING

7.1 Motivation

'Throughout this AGARDograph, we have emphasized the need for experimental data to provide
insight into the physical phenomena associated with parachute inflation and deceleration. Data are
also required to calibrate inflation, performance, and structural prediction codes. Because of the
approximations in the parachute design codes, data may be the only source of parachute design
information. To meet these needs for parachute aerodynamic data, hundreds of parachute tests in
wind tunnels have been conducted over the past 50 years. Much of these test data, along with the
testing techniques and the instrumentation, have been published in the open literature.

The Parachute Design Guide2" provides a good discussion of the virtues and drawbacks of testing
parachutes in wind tunnels; they are as valid today as they were 27 years ago.

Test conditions can be better controlled in a wind tunnel than in flight tests. Accurate
measurements of both parachute and fluid dynamic parameters may be made, and considerable data
can be obtained within a relatively short time. Airflow, as well as parachute motion, can be observed
in a wind tunnel. Comparative trends determined from wind tunnel testing can be applied to full-scale
parachutes in free flight. Excellent parachute design information has been obtained by both
scale-model and full-scale testing in wind tunnels. Results from wind tunnel tests have contributed
significantly to the advancement of aerodynamic decelerator technology. Wind tunnel testing is a
valuable parachute design tool when used in conjunction witli analysis, computer simulation, and
flight testing.

Wind tunnel testing of parachutes is not without its limitations, however. The size of the test
section, coupled with the need to minimize measurement errors caused by the presence of the test
section walls surrounding the parachute, result in the need to test parachutes that are usually smaller
than the parachute used in the actual free-flight application. Available sizes and strengths of the
textile materials limit the size and construction of subscale-model parachutes. Incorporating both
geometric and structural scaling into the model parachute is usually not possible. The degrees of
freedom for motion of the parachute/forebody combination are more constrained in the wind tunnel
than in flight. As is the case for all other flight vehicles when tested in a wind tunnel, it is normally
impossible to match the important aerodynamic scaling parameters, such as Mach number and
Reynolds number, to their flight values. Perhaps the greatest limitation of wind tunnel testing for
high-porformance parachutes is that the velocity of the oncoming air does not decelerate rapidly as it
does in flight, when the parachute drag slows the payload. Because of the limitation of constant
airstream velocity, no existing wind tunnel is able to reproduce the nonsteady fluid dynamic
phenomena that dominate the behavior of high-performance parachutes in the presence of a
decelerating airflow approaching the canopy.

Listings of subsonic and transonic/supersonic/hypersonic wind tunnels used for wind tunnel
testing of parachutes are given in Table 7.1 and Table 7.2, respectively. Most of these facilities were
identified by Ewing, Bixby, and Knacke;' 7 they furnish additional descriptive information about each
tunnel's capabilities, including instrumentation. Additional details on these wind tunnels are given by
Peiiaranda and Freda 7 1 and in the AEDC Test Facilities Handbook.7.

2 During the past 30 yeals,
Sandia has conducted 70 wind tunnel tests of high-performance parachutes; the wind tunnels used by
Sandia are identified in Tables 7.1 and 7.2 with an asterisk.

The advantages, disadvantages, and limitations of wind tunnel testing of high-performance
parachutes are reviewed in this chapter. Sections on measuring parachute drag, pressure distributions,
stability, stress, and aerodynamic heating are included. A separate section on wind tunnel blockage for
parachute testing is presented with recent wind tunnel data that provide design criteria for selecting
the optimum size of the parachute model. Finally, a conceptual design for a parachute wind tunnel
that simulates the nonsteady aerodynamics of rapidly decelerating parachute systems is discussed.

JI
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Table 7.1. Subsonic Wind Tunnels in the U.S.

Test Rcynolds Total Dynamic
Type of Facility Section Mach Number Temp. Pressure

Facility and Location and Throat Size (ft) Range (106/ft) (OR) (lb/ft2)

*AFFDL Vertical Annular return, 12:X12 0-0.14 0-0.91 Amb 0-26
Wind Tunnel, continuous flow,
Wright-Patterson AFB, open throatOH

NASA-Langley Annular return, 25X20 0-0.08 0-0.62 Amb 0-10
Spin Tunnel, continuous flow,
Hampton, VA closed throat

• NASA-Ames Closed circuit, 40X80 0-0.3 0-0.21 Ami.-600 0-262
40X80-ft Subsonic single return,
Wind Tannel, continuous flow,
Moffett Field, CA closed throat

NASA-Langley Closed circuit, 30X60X 56 0-0.14 0-1.0 Amb 0-30
Full-Scale Tunnel, double return,
Hampton, VA continuous flow,

open throat

NASA-Langley Ciosed circuit, 14.5X21.75 0-0.32 0-0.55 Amb 0-135
V/STOL Transition single return, X50
Research Wind continuous flow,
Tunnel, closed throat
Hampton, VA

NASA-Ames Closed circuit, 7X10X15 0-0.33 0-0.23 Amb 0-210
7 X 10-ft Subsonic single return,
Wind Tunnel, continuous flow,
Moffett Field, CA closed throat

NASA-Langley Closed circuit, 6.6X9.6X 10 0.2-0.9 0.1-3.2 490-620 200-750
High-Speed single return,
7 X 10-ft Tunnel, continuous flow,
Hampton, VA closed throat

" United Technologies Closed circuit, 18/ 8t X 0.26-0.90 0-4.5 500-590 0-709
Large Subsonic single return, 16X40
Wind Tunnel, continuous flow
East Hartford, CT

" LTV Low-Speed Closed circuit, 7X10X16 0.03-0.30 0.26-2.25 500-600 2-135
Wind Tunnel, single return,
Grand Prairie, TX continuous flow

" General Dynamics Closed circuit, 8X12X15 0.04-0.37 0.25-2.5 Amb 2-200
Corp. Subsonic single return,
Wind Tunnel, continuous flow
San Diego, CA

" Lockheed-Georgia Co. Closed circuit, 30X26X63 0.13 0-1 Amb 0.5-25
Low-Speed Wind single return,
Tunnel, continuous flow
Marietta, GA Closed throat, 16X23X43 0.26 0-2 Amb 2-100

tandem test
sections

"NASA-Lewis 9X15-ft Continuous flow 9X15X28 0-0.2 0-1.4 550 0-72
V/STOL Tunnel,
Cleveland, OH

• Sandia conducted parachute tests in these wind tunnels
t octagonal
t diameter

Amb = ambient
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Table 7.2. Transonic, Supersonic, and Hypersonic Wind Tunnels
STpofFacilityanLoain adTrt Siet) Rage Numbefr TemR. Presfure

Test Reynolds Total Dynamic

Type of Facility Section Mach Number Temp. Pressure|Facility and Location and Throat Size (ft) Range (106/ft) (OR) (lb/ft2) "

AEDC 16-ft Transonic Closed circuit, 16X16X40 0.2-1.6 0.1-7.5 410-620 3.3-1300
Propulsion Wind Tunnel, single return,
Arnold AFS, TN variable density,

continuous flow

* NASA-Langley 16-ft Closed circuit, 15.51X22 0.2-1.3 1.2-3.7 510-640 57-905
Transonic Tunnel, single return,
Hampton, VA atmospheric,

continuous flow

NASA-Ames 14-ft Closed circuit, 13.5X13.9 0.6-1.2 2.8-5.2 500-640 425-885
Transonic Wind Tunnel, single return, X33.75
Moffett Field, CA atmospheric,

continuous flow

NASA-Ames 11-ft Closed circuit, 11X11X22 0.5-1.4 1.7-9.4 540-610 150-2000
Transonic Wind single return,
Tunnel (Unitary), variable density,
Moffett Field, CA continuous flow

* Naval Ship R&D Center Closed circuit, 7X10X19 0.25-1.17 1-5 530-610 50-900
Transonic Wind Tunnel, continuous flow,
Bethesda, MD variable pressure

* Calspan Corp. Closed circuit, 8X8X18.75 0-1.35 0-12.5 520-620 0-2600
Transonic Wind Tunnel, single return,
Buffalo, NY variable density,

continuous flow

Aircraft Research Closed circuit, 9X8 0-1.4 1.5-5.5 545 -580 0-1090
Assn. Ltd. 9X8-ft variable density,
Transonic Wind Tunnel, continuous f,w
Bedford, England

AEDC 16-ft Closed circuit, 16X16X40 1.5-4.75 0.1-2.6 560-1110 30-570
Supersonic Propulsion single return,
Wind Tunnel, variable density,
Arnold AFS, TN continuous flow

* NASA-Lewis 10X10-ft O.'n and closed 1OXIOX1O 2.0-3.5 0.12-3.4 500-1150 20-700
Supersonic Wind circuit, single
Tunnel, or nonreturn,
Cleveland OH variable density,

continuous flow

* NASA-Ames 9X7-ft Closed circuit, 9X7X10 1.55-2.5 0.86-6.5 520-610 200-1450
Supersonic Wind single return,
Tunnel, variable density,
Moffett Field, CA continuous flow

* NASA-Lewis 8X6-ft Closed cycle for 8X6X39 0.4-2.0 3.6-4.8 560-700 200-1240
Supersonic Wind aerodynamic
Tunnel, testing
Cleveland, OH

NASA-Ames 8X7-ft Closed circuit, 8X7X16 2.4-3.5 0.5-5.0 520-610 200-1000
Supersonic Tunnel single return,
(Unitary), variable density,
Moffett Field, CA continuous flow

(continued)
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Table 7.2. (continued)

Test Reynolds Total Dynamic
Type of Facility Section Mach Number Temp. Pressure

Facility and Location and Throat Size (ft) Range (106/ft) (OR) (lb/ft2 ) -

AEDC, VKF Closed circuit, 3.33X3.33X7 1.5-6.0 0.3-9.2 530-750 49-1800
Supersonic Wind variable density,
Tunnel A, continuous flow
Arnold AFS, TN

AEDC, VKF Closed circuit, 4 .33 1 6 and 8 0.3-4.7 850-1350 43-590
Hypersonic Wind recycling,
Tunnel B, variable density,
Arnold AFS, TN continuous flow

* Sandia conducted parachute tests in these wind tunnels
t octagonal k
t diameter

7.2 Types of tests

The parachute aerodynamic characteristics of drag, stability, inflated shape, and lift-to-drag ratio
under steady-state conditions and constant oncoming velocity (called "infinite mass loading") can be
studied with accurate results in wind tunnels. The deployment process (the nonsteady conditions), in
which drag and shape grow rapidly, has also been studied in wind tunnels within the infinite mass
loading approximation. Both steady-state and nonsteady parachute testing is discussed.

7.2.1 Drag

In 1948, Heinrich2' 7 measured the drag coefficients of sheet-metal models of guide surface
parachutes in a subsonic wind tunnel. He concluded that the drag coefficient for the brake guide
surface parachute is -0.90 and that of the stabilization guide surface parachute is -0.75. He
suggested that fabric guide surface parachutes have a higher drag coefficient than sheet-metal models
because their form varies and their surface is rougher. These were probably the first wind tunnel tests
of a high-performance parachute configuration.

Pepper and Post 7 1 measured the drag of 12-, 18-, and 24-in.-diameter guide surface parachutes
and 9-, 12-, 15-, and 18-in.-diameter ringslot parachutes in the LTV 7-ft by 10-ft Low-Speed Wind
Tunnel. The parachute models were attached to a 4-in.-diameter forebody, which was supported on
the wind tunnel centerline by a vertical strut attached to the balance turntable (for drag measure-
ments) mounted on the floor of the test section. The drag coefficient data varied considerably with
parachute model size, again illustrating the need for dimensionally stable model parachutes and
careful structural and geometric scaling of full-scale parachutes down to wind-tunnel-model size.

Heinrich and Haak4 1 measured the drag and normal force of 12.6-in.-diameter guide surface and
16.6-in.-diameter ribbon and ringslot metallic and textile parachute models in a 38-in. by 54-in.
subsonic wind tunnel. The models were supported on a lower-plate turntable and the forebody was
attached to the tunnel with guy wires. The normal-force sensing element was mounted near the apex
of the parachute between the model and the strut-supported sting. The tangent-force pickup was
mounted between the strut in the rear of the test section and the centerline sting. Both sensing
elements incorporated standard strain gauge circuits mounted on elastic cantilever beams. The wind
tunnel turntable was set to angle of attack and the force data were then recorded on an oscillograph.
They measured normal force and drag at angles of attack up to 50 degrees.

Landon7 4 conducted a comprehensive series of three tests in the Aircraft Research Association
Ltd. 9-ft by 8-ft Transonic Wind Tunnel, at Mach numbers up to 1.38, of 1-ft-diameter models of flat,
conical, and hemisflo ribbon parachutes. He systematically varied the suspension line length, cone
angle, and porosity of these parachutes in these parametric tests. The model parachute was deployed,
after the tunnel flow field was established, from an ogive-cylinder pod that was strut-supported from
the tunnel floor. An axial-force strain gauge transducer was mounted in the pod. A recorder was
connected in parallel with the tunnel's data-logging system to record the dynamic drag signals of the
parachute through the strain-gauged tension link (to a frequency limit of 120 Hz). High-speed motion
pictures (up to 2800 frames per second) were taken of each parachute release/deployment and
inflation. Landon presents carpet plots of drag coefficient (as a function of porosity, line length, and
Mach number), transient drag measurements, and high-speed film clips of the deployment and filling
processes. This is a valuable set of wind tunnel data because of the systematic variation of the
parachute parameters over the subsonic/transonic Mach number test range. -_
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Bacchus, Vickers, and Foughner4
6 and Moog, Bacchus, and Utreja4 5° discuss the scale-model

wind tunnel tests of the 54-ft-diameter drogue and the cluster of three 115-ft-diameter Space Shuttle
Solid Rocket Booster (SRB) main parachutes. These tests were conducted in the NASA-Langley 16-ft
Transonic Wind Tunnel at a Mach number of 0.13. In the Phase 1 test,46 various drogue parachute
deployment concepts and performance characteristics were studied. Based on the Phase 1 test, a
baseline deployment method was selected for drogue parachutes. A parametric investigation of this
deployment method to size the pilot parachute, break ties, etc., was performed in the Phase 2 test.4.60

The Phase 2 test also included parametric steady-state drag measurements of full-open and reefed
drogue and main parachutes (with and without the SRB forebody), main parachute cluster tests, anddisreef tests.

The Phase 1 test was conducted using SRB forebody models and 1/8-scale (6.75-ft-diameter),
20-degree conical ribbon parachutes which represents a tunnel blockage of -8% when the parachute
is fully inflated. Four methods of deploying the drogue parachute were studied in the wind tunnel.
Because steady-state drag data were needed over an SRB angle-of-attack range of 70 to 180 degrees,
two forebody models were designed. One was a complete SRB model for testing at a booster angle of
attack of 180 degrees (nozzle forward). The second represented the forward 40% of the complete SRB
and was used for the angle-of-attack range of 70 to 130 degrees. All of the deployment tests were
conducted with the partial SRB model, which was mounted to the floor of the 16-ft tunnel.
Instrumentation for this Phase 1 test consisted of a single-component load cell (1400-lb-capacity) for
measuring the steady-state drag of the drogue parachute and r OO-lb-capacity load cell for measuring
the transient drag of the pilot parachute and the nose cap. Digi,l and oscillograph recordings of the
load cell readout were obtained. Photographic coverage included high-speed cameras operating at
125 frames per second. Typical drag data for the drogue are shown in Figure 7.1, which illustrates the
small effect of forebody interference due to SRB angle of attack on the drag. Parachutes with
porosities of 16% and 24% were tested in this Phase 1 test.

1.0 - I I I
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PorosityS0.2-
O0 16 %

0 24%
I I III

80 100 120 140 160 180
SRB angle of attack (deg)

Figure 7.1 Forebody interference effect on SRB drogue parachute drag
(taken from Ref. 4.6)

The Phase 2 experiments consisted of testing 6.75-ft-diameter drogue models of 16%, 20%, and
24% porosity conical ribbon parachutes with different suspension line lengths. In addition, main
parachute tests were conducted of both a single model and a cluster of three 6.5% models
(115-ft-diameter full-scale) of conical ribbon parachutes (with and without SRB forebody) of 16%,
20 %, and 24 % porosity and with different suspension line lengths. A 1000-load cell was used for the
single parachute tests and a 4000-lb load cell was used for the cluster tests. The load cell output was
recorded on an oscillograph that traced force-time history. A continuous analog si..,l of load cell
reading and the dynamic pressure were recorded on magnetic tape, along with a time code. Figure 7.2
shows good agreement between wind tunnel and flight test drag coefficients as a function of
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suspension line length for the drogue and single main parachutes. Other typical wind tunnel data on
the reefed and full-open parachutes are shown in Figure 4.28,

Sandia conducted a series of wind tunnel tests to develop an extensive data base of drag of conical
ribbon para.hutes. McVey, Pepper, and Reed 4 4 conducted a parametric wind tunnel study of drag in
conjunction with the wind tunnel pressure test reported by Pepper and Reed 47 and discussed in
Section 7.2.2. Three-foot-diameter conical ribbon parachutes were tested at subscnic speeds to
measure the effect of reefing line length, porosity, and suspension line length on the drag. The drag
data were measured with a force balance located in the wind tunnel ogive-cylinder model forebody.
Typical data illustrating the effects of porosity and reefing line length are shown in Figure 4.23.

Peterson and Johnson 4 
32 measured the drag of a 15-in.-diameter conical ribbon parachute at

several axial stations behind an ogive-cylinder fi rebody, with and without fins, in a subsonic wind
tunnel. The parachute model was also tested without a forebody to measure the effect of suspension
line length on drag. The forebody was wire-supported in the wind tunnel, and an axial-force strain
gauge balance was located in the forebody to measure the drag. In addition to measuring drag, an
80-tube total head pressure rake was used to survey the forebody turbulent wake at several axial
stations behind the model. The rake could be traversed both vertically and axially while the wind
tunnel was operating. The 80 pressures were recorded using eight differential pressure transducers,
which were scanned with a Scanivalve at a given vertical location in the model wake. These velocity
distributions were determined at five axial locations aft of the forebody base. Typical data are
presented in Figures 4.5, 4.15, and 4.16.
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Figure 7.2 Comparison of full-open drag coefficient of SRB drogue and
single main parachutes (taken from Ref. 4.50)



Baca 4' 44'7  measured the effects of canopy number, riser length, and reefing on the drag~performance of 16-in.-diameter clustered ribbon and solid parachutes in the LTV 7-ft by 10-ft

subsonic wind tunnel. An axial load cell was placed in the 4.5-in.-diameter ogive-cylinder model that
was wire-supported in the tunnel to measure the parachute drag. Typical data in Figures 4.29 and 4.25
illustrate the effects of riser length and number of canopies on the drag efficiency of unreefed and
reefed ribbon parachutes, respectively.

Purvis 4 8 tested 5-ft-diameter parachutes with 8, 16, and 32 gores in a solid canopy and four 10 %
porosity flat ribb. n canopies with 5, 10, 20, and 40 horizontal ribbons in the LTV 7-ft by 10-ft subsonic
wind tunnel. He combined these data with other subsonic wind tunnel data of 3-ft-diameter and
6-ft-diameter parachutes in a format that illustrated the effects of inflated diameter, porosity, reefing
line length, suspension line length, number of gores, and number of ribbons on parachute drag. Some
of these effects are illustrated in Figures 4.2 through 4.4 for unreefed parachutes and Figure 4.24 for
reefed parachutes.

Supersonic and hypersonic wind tunnel tests to measure parachute drag were conducted by
Engstrom and Meyer, 6 Maynard,4'2 Mayhue and Bobbitt,4 

18 Corce,419 and Pepper, Buffington, and
Peterson.3 '22 Engstrom and Meyer 7

*
6 tested 10- to 12-in.-diameter metal and fabric, flat and conical

ribbon parachutes of varying porosities and suspension line lengths at supersonic speeds in the
NASA-Langley 4-ft by 4-ft Unitary Plan Wind Tunnel. The fabric parachutes were tested at Mach
numbers 1.9 to 2.1 and the rigid models were tested at Mach numbers 1.7 to 3.5. The fabric parachutes
were deployed in the wind tunnel from a centerline sting support that housed a drag link. The
stainless-steel parachute models were supported by a four-support yoke-type sting; drag measure-
ments were not made with these models. High-speed schlieren photographs were taken of the flow
field about the fabric and metal models.

Maynard4' 2 tested 6- to 15-in.-diameter fabric ribbon parachutes at Mach numbers of 1.9 to 3.0
and 8-in.-diameter metal ribbon parachutes at Mach numbers of 1.57 to 3.9 in the NASA-Langley 4-ft
by 4-ft Unitary Wind Tunnel. The instrumentation and testing techniques were very 'imilar to the
tests of Engstrom and Meyer.7 

6

Mayhue and Bobbitt4 18 tested 5.4-ft-diameter disk-gap-band parachutes of 10.0%, 12.5%, and
15.0% porosity at Mach numbers 2.0 to 3.0 in the AEDC 16-ft '.:personic Propulsion Wind Tunnel.
Tensiometer and load cell measurements, along with motion picture films, were taken for canopy
angles of attack of up to 20 degrees. The parachute was deployed from the cylindrical base of a floor
strut-supported forebody that housed the load cell. A tensiometer and swivel were located between the
three-legged bridle and the suspension lines. Mayhue and Bobbitt found good agreement between
these wind tunnel parachute drag data and full-scale parachute flight data.

Corce4  9 tested 5- and 8-in.-diameter supersonic-X parachutes in the AEDC 50-in.-diameter
Hypersonic Wind Tunnel B at Mach 8. The forebody consisted of a 6-in.-diameter, 20-degree cone
supported by floor and ceiling-swept struts. Parachute forces and moments were measured with a
six-component strain gauge balance mounted in the conical forebody. A wake survey rake, equipped
with pitot pressure, cone static pressure, and total temperature probes, was used to determine local
flow conditions downstream of the cone. The parachute motion was recorded with two high-speed
16mm motion picture cameras. The parachutes were fabricated of nylon, Kevlar, and BBB.

Pepper, Buffington, and Peterson3'2 2 tested 15-in.-diameter hemisflo and 20-degree conical ribbon
parachutes behind several forebodies in the NASA-Ames 9-ft by 7-ft Supeesonic Wind Tunnel at
Mach numbers 1.5 to 2.5. They measured the effects of Mach numbir, forebody shape and diameter,
canopy porosity (10% and 20%), and inflated canopy diameter on the supersonic drag. The forebodies
were strut-supported from the tunnel's side wall, and a strain gauge axial-force beam was placed in the
forebody to measure drag. Ninety-three parachute models were fabricated for this wind tunnel test.
The test parachute was placed in a small deployment bag and secured to the base of the forebody. The
parachute was deployed after the tunnel was started. High-speed video and motion picture cameras
and the tunnel data acquisition system were used to record parachute deployment, to observe
parachute motion, and to document parachute structural integrity. Schlieren photographs were used
to observe the flow field around the forebody and parachute. A color schlieren photograph of the
parachute flow field at a wind tunnel test Mach number of 1.9 is shown in Figure 4.11 The motion
pictures and schlieren photographs were needed to validate and interpret the drag data. Typical data
from this test are shown in Figures 4.20 through 4.22.

Lingard, Barnard, and Kearney 4'24 conducted a comprehensive wind tunnel test series to
investigate the inflation, drag, and stability of 20-degree conical ribbon, equiflo, hyperflo,
supersonic-X, and ballute parachute models over the Mach number range of 0.5 to 4.35. The inflated
diameter of all of the parachute models (which were fabricated of Kevlar) was -4.3 in. The suspension
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line length was about twice the parachute's constructed diameter. The tests were conducted in the
supersonic wind tunnels 4 and 4b at the Institut Aerotechnique de St-Cyr, France. These blowdown
wind tunnels have rectangular test sections 35.3 in. high by 33.5 in. wide. All five parachute types were
tested at Mach numbers 0.5, 1.15, 1.5, and 2.0 in tunnel 4. The equiflo, hyperflo, and ballute parach,.te
models were also tested at Mach numbers of 2.8, 3.4, 3.8, and 4.35 in tunnel 4b.

The 1.8-in.-diameter ogive-cylinder-boattail forebody was strut-supported from the tunnel floor
and ceiling. A ring dynamometer with four active strain gauges was placed in the forebody to measure
axial force. Output from the dynamometer was sent to a chart recorder and to a computer that
sampled the signal at a rate of 500 Hz. The parachute was connected to the dynamometer by a swivel
to obviate spin-up. The parachute canopy was packed in a sleeve in the forebody; the canopy was
deployed by releasing the drag-producing forebody-base endplate after the wind tunnel was brought
up to speed. Visual records of parachute deployment and filling were obtained by a high-speed video
camera operating at 200 frames per second, and the schlieren images were recorded by a standard
video camera operating at 25 frames per second. The drag coefficients were determined from the
time-averaged "steady-state" drag force measured by the dynamometer. Typical drag data for the five
parachutes tested in tunnel 4 are presented in Figure 7.3. Lingard, Barnard, and Kearney present an
excellent discussion of the scaling effects associated with using their 1/30-scale parachute models.
They conclude that the results give a sound basis for comparative assessment of the five canopies and
that the data for all of the canopies, except for the ribbon parachute, are quantitatively valid. They
also conclude that parachutes with a shaped gore defining their flying shape perform better in the
supersonic regime than parachutes whose flying shape is determined largely by local pressure
distribution.
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Figure 7.3 The effect of Mach number on the drag coefficient
measured in a wind tunnel (taken from Ref. 4.24)

7.2.2 Pressure distribution

One of the first wind tunnel canopy pressure distribution tests of fully inflated, high-performance
parachutes was conducted in 1959 by Sandia National Laboratories at the United Technologies Large
Subsonic Wind Tunnel. To obtain data for stress analysis, static pressure measurements were made
by Dickie4 '8 over the canopy of a 34-in.-diameter flat ribbon parachute of 25% geometric porosity in
this 8-ft subsonic wind tunnel.

Niccum, Goar, and Lenius4 62 tested steel models that simulated inflating hemisflo canopies
(3.42-in. nominal diameter with porosities of 17% and 27%) and fully inflated, flat ribbon canopies
(inflated mouth diameter of 1.94 in. with porosities of 15%, 20%, 25%, and 35%) at Mach numbers
of 0.8, 1.2, and 3.0. These models were sting-mounted at the apex, and the sting housed the tubing for
the pressure taps that were located internally and externally around the canopy. They also
independently measured the mass flow through these model canopies. They took extensive shadow-
graphs of the canopy flow field, both with and without model suspension lines.

The most comprehensive wind tunnel pressure distribution test of high-performance parachutes
is that reported by Pepper and Reed.4" They tested a model 3-ft-diameter conical ribbon parachute
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of 10%, 15%, 20%, 25%, 30%, and 40% geometric porosities in two 7-ft by 10-ft subsonic wind
tunnels at dynamic pressures of 35 to 600 lb/ft2. Suspension line lengths of 1.0, 1.5, and 2.0 parachute
constructed diameters and reefing line lengths of 19 in., 38 in., and 57 in. were tested. The first series
of tests consisted of measuring the pressure distribution inside and outside the canopy at
46 orifice locations for infinite mass and canopy-inflated (either reefed or full-open) test conditions.
The static pressure instrumentation consisted of two flexible, clear-plastic strip tubes (1/16 in. OD
and 1/32 in. ID) glued and tied to each radial, alternating inside and outside the canopy and extending
out aft of the vent. Notches were cut in the tubes at 23 radial stations on both inside and outside of
the canopy. The flexible pressure tubing terminated in a Scanivalve; a pressure transducer scanned
the 46 ports to record the pressure data.

Side view photographs were taken of each test configuration to determine canopy profile shape.
Typical data from this test are given in Figures 4.36 through 4.38. The effects of porosity, suspension
line length, and reefing line length on the canopy pressure distribution were carefully measured in
this parametric test program. The second series of wind tunnel tests consisted of measuring
the differential pressure distribution across the canopy during the inflation of a 25% porosity,
3-ft-diameter canopy after disreefing under infinite mass test conditions. Differential pressure is the
pressure on the inside of the canopy minus the pressure on the outside of the canopy at the same
canopy location. The suspension line length was 1.0 parachute constructed diameter and the reefing
line length was 19 in. Seven Kulite differential pressure transducers were sewn to the inside of the
canopy at seven radial stations distributed in a helical pattern from skirt to vent. Typical transient
pressure data during canopy filling from a reefed condition are shown in Figure 7.4.

Klimas 7 5 extended the experiments of Pepper and Reed by testing 12 % and 25 % por -ity, 3-ft-
diameter conical ribbon parachute models in the Calspan Corporation's 8-ft Transonic Wind Tunnel
at Mach numbers of 0.3, 0.6, 0.9, and 1.2 at a constant dynamic pressure of 225 lb/ft2 . The parachute
models were attached to a 4-in.-diameter streamlined forebody that was cable-mounted on the wind
tunr.el centerline. The transient canopy differential pressure distribution was measured during
inflation (after cutting the 9-in.-long reefing line) with six Kulite pressure transducers, which were
recorded on magnetic tape. The transducers were sewn to the radials at equal intervals from near the
vent to near the skirt, and they were evenly distributed circumferentially. Typical maximum pressure
differential coefficient data are shown in Figure 7.5 as a function of Mach number for the two different
porosities at a radial position 30% from the vent.

Roberts' " measured the pressure distribution across 9-in.-diameter flat -ircular disks with one to
eighteen concentric slots (porosities of 2% to 33%) in a 7-ft by 10-ft subsonic wind tunnel. He
concluded that the Coanda or jet -ntrainment effects are dominant in the flow through and
immediately behind low-porosity aerodynamic bodies such as disks or parachutes.

Henfling and Purvis4 7 measured the pressure distiibution across the surface of 1.8-in.-wide
parachute ribbons at five chordwise points and several spanwise stations in a low-speed tunnel using
flexible pressure tubir.g sewn to the ribbons. Variable r'luctan-e differential pressure transducers
were used to measure the five chordwise pressur, for each test run at a given spanwise ribbon station.
The transducer output was amplified and a Hewlett-Packard 1000 computer system was used for
pressure data acquisition and reduction. Their data indicate that both the ribbon curvature and angle
of attack have significant effects on the pressure-loading distribution.

The references cited provide additional insight on the techniques and instrumentation that may
be used to make successful pressure measurements across a canopy. Minimizing the intrusion of the
measurement instrumentation on the pressure field on the canopy is difficult because the fabric
thickness is less than the thickness of the measuring device. Placing instrumentation away from the
measurement location is recommended, but the displacement distance must be minimized in order to
obtain valid transient pressure data. Each reference describes techniques having both strengths and
weaknesses; no single approach serves all needs. Pressures measured on textile parachutes can be used
to indicate trends and general levels expected on full-scale parachutes as long as the model parachutes
do not stretch unrealistically during wind tunnel testing.

Pepper and Reed 4 " and Klimas"' are gjod sources of data on high-performance, conical ribLxi.
parachutes for infinite mass conditions for both canopy filling from a reefed shape (nonsteady) and for
canopy filled (either reefed -or full-open). They investigated the effects of reefing line length,
suspension line length, pore-ity, a'nd Mach number on canopy pressure distribution. However, as
noted in Section 4.3.2, the wind tunnel parachute models were so flexible that they significantly
changed the effective porosity at these test dynamic pressures. Hence, these pressure data correlations
should be used only to indicate trends.

-4
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Figure 7.5 Transient differential pressure coefficients, L/L. = 0.30

7.2.3 Stability

Heinrich 2 7 in 1947 conducted static stability tests of 1-ft-diameter guide surface parachute
models in a low-speed subsonic wind tunnel. He measured the normal force, tangentia! force, and
moment coefficient of both stabilization and brake-type guide surface parachutes. The ampl:tude of
oscillation of the brake-type parachute varied from 2 to 5 degrees; the amplitude of oscillation of the
stabilization parachute varied from 1.5 to 3 degrees, depending on the porosity.

Heinrich and Haak4 1 measured the static stability of 12.6-in.-diameter guide surface and
16.6-in.-diameter ribbon and ringslot metallic and fabric parachute models in a low-speed wind
tunnel. The test setup is described in Section 7.2.1. Typical normal force and pitching moment data
for two fabric parachute models and one metallic guide surface model are presented in Figure 7.6.

Lirgard, Barnard, and Kearney424 measured the stability characteristics of 20-degree conical
ribbon, equiflo, hyperflo, supersonic-X, and ballute parachutes at Mach numbers 0.5 to 4.35. The test
setup is described in Section 7.2.1. Typical data on the amplitude of oscillation versus Mach number
for the five parachutes are presented in Figure 7.7.

The paucity of wind tunnel data on parachute static stability shows the difficulty of measuring the
pitching moment of a flexible canopy in a wind tunnel; hence, most parachute designers have relied
on flight test data to verify their approximate estimates of parachute stability characteristics. In
general, however, high-performance ribbon or guide surface parachutes are very stable, and the
designer can rely on approximate estimates for the first design prior to the corroborating flight tests.

--4
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7.2.4 Lifting parachute aerodynamic characteristics

Rychnovsky and Everett3 1.5 conducted a series of tests of 3- and 4-ft-diameter lifting parachutes
in the LTV 7-ft by 10-ft Low-Speed Wind Tunnel. The lifting ribbon parachute is described in Section
3.2.1.3 (see Figures 3.8 and 3.9b). The parachute model was attached to a single-component load cell
that was supported in the test section by a streamlined horizontal strut. The load cell was free to
rotate in the vertical plane so that it could align with and measure the axial force of the parachute. The
parachute was photographed with a motion picture camera during the test, and the angle of attack was
measured with a rotary potentiometer. The angle of attack and the axial load were measured during
inflation and in steady state. The lift-to-drag ratio was obtained from the trim angle-of-attack
condition. Collapse tests, in which the parachute was forced to rotate beyond its trim angle to its
collapse angle, were also conducted. The most promising parachute model from these series of tests
had a trim angle of 25 degrees, a collapse angle of 31 degrees, and an L/D of 0.47. They also discuss
data from three-component force tests of 16-in.-diameter lifting parachute models tested in the
University of Minnesota subsonic wind tunnel. They included six-component force data taken of
39-in.-diameter lifting parachute models in the LTV 7-ft by 10-ft subsonic wind tunnel. The special
model support and strain gauge balance system is discussed later in Section 7.4. They also tested
lifting parachute models in the Naval Ship Research and Development Center's 7-ft by 10-ft
Transonic Wind Tunnel at dynamic pressures up to 400 lb/ft2, where they measured trim angles of up
to 31 degrees.

Bolton, Holt, and Peterson a n1 9 discuss the results of wind tunnel tests of five 39-in.-diameter
lifting parachute models in the LTV subsonic wind tunnel. Detailed measurements were made of
canopy pressure distributions, suspension line forces, parachute stability, and damping characteris-
tics. For the inflation tests, the model parachutes were attached to a model body suspended by cables
in the center of the wind tunnel test section. The model parachute was reefed to a small diameter and
allowed to stream behind the body as the wind tunnel was brought up to the desired test condition.
An electrically fired explosive squib cut the reefing line to initiate inflation. Simultaneously with
disreefing, a flash bulb was fired to mark the start of inflation in the high-speed motion pictures. Data
were obtained from a body-mounted drag cell, which measured the total parachute drag force, and
from 12 suspension line force gauges, which measured the line loads for pairs of suspension lines. The
instrumentation and test setup are described in more detail in Section 7.4. Typical L/D data for the
five lifting parachute configurations are presented in Figure 3.9a. The maximum trim angle measured
was -46 degrees and the maximum L/D was -0.9.

Bolton, Holt, and Peterson3 '9 conducted full-scale wind tunnel tests of 13-ft-diameter lifting
parachutes in the NASA-Ames 40-ft by 80-ft wind tunnel (see Figure 3.10). These tests were
conducted to obtain comparative data on canopy lift, rolling moment, yaw damping, and inflation
characteristics in a controlled environment. A full-scale payload (an ogive-cylinder with T fins) was
mounted on the standard wind tunnel struts for this test. The forebody was 18 in. in diameter and
12 ft long. Potentiometers were used to measure the model pitch and yaw angles. Parachute axial force
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and roll moment were measured by strain gauges located within the forebody. Croll et al.3"' provide
further information on the £orebody and the test setup. Measurements of parachute pitch, yaw, and
roll relative to the forebody were made using small computer-controlled video cameras mounted on
the model base. Croll et al.7"7 provide additional information on the computerized video data system
and present data plots of typical parachute performance. The dynamic behavior of the full-scale
lifting parachute was also studied during inflation and during the return-to-trim position from a large f
initial yaw angle. High-speed film coverage, parachute loads, and forebody motion data were obtained
for both inflation and yaw damping tests. More details of instrumentation and test setup are given in
Section 7.4.

7.2.5 Aerodynamic heating

Schoeck, Hool, and Eckert 4.91 measured the bulk and local heat transfer on 2-in.-wide and
1/4-in.-thick test slats mounted in the test section (6 in. by 12.5 in.) of a subsonic-flow wind tunnel.
The test slats were fabricated of aluminum strips attached to a Bakelite frame (for the overall
upstream and downstream heat transfer measurements) and of Bakelite strips (for the local heat
transfer measurements). They were spaced at different distances across the 12.5-in. test section width
to vary the effective porosity of the simulated ribbon canopy. Iron-Constantan thermocouples were
used to measure the transient temperatures. The transient heat transfer method was used to measure
heat transfer coefficients on the test slat; this method consists of measuring the cooling rate of a body
whose thermal conductivity can be considered infinite. The measurements covered the Reynolds
number range from 0.03 X 105 to 0.6 X 105 and from 2.5 X 105 to 5 X 105, where the Reynolds number is
based on ribbon/slat width and on the average velocity and properties in the slots between the ribbons.
Their results are presented as Nusselt number versus Reynolds number and the data trends are
consistent. The maximum local heat transfer coefficient, which exists at the upstream edge of the
ribbon, was about twice the average value on the upstream side for the low Reynolds number tests and
from four to five times the average value for the high Reynolds number tests.

Scott and Eckert4 92 also conducted heat transfer studies on ribbons in the Heat Transfer
Laboratory at the University of Minnesota. They used a pressurized wind tunnel to conduct tests on
full-scale ribbons of flat circular parachutes with a geometric porosity of 20.5 %. The wind tunnel test
section was 6 in. by 8 in., and the average flow-approach velocity was 134 ft/s. Three stainless-steel test
slats (instrumented with iron-Constantan thermocouples), each 2.1 in. high, 6 in. wide, and 0.312 in.
thick, were mounted to resemble the array of ribbons in a ribbon parachute. The measurements wore
made at Reynolds numbers of one to ten million, where the Reynolds number is based on ribbon width
and on the velocity and temperature of the flow in the slots between the ribbons. The pressure ratio
applied to the ribbon was varied from 1.4 to 26.3. They used a transient energy balance to measure
local and average heat transfer, which they compared with available analyses.

Corce 41 9 tested 5- and 8-in.-diameter nylon, Kevlar 29, and BBB material supersonic-X parachute
models in a 50-in.-diameter, Mach 8 wind tunnel at AEDC to measure drag (see Section 7.2.1). The
temperature limits of these materials (defined as 20% of the room temperature strength) are nylon,
860*R; Kevlar 29, 1210*R; and BBB, 1410*R. The tunnel is normally operated at a stagnation
temperature of 1350°R to avoid liquefaction in the test section. The tunnel was operated at the
stagnation temperature of 1350*R for tests of the BBB model only; the tunnel was operated at lower
stagnation temperatures for the nylon and Kevlar parachute models so as to avoid thermal damage.
Corce observed different drag coefficients as a function of stagnation temperature; he attributed the
differences to the effect of temperature on the parachute material rather than to the fact that the wind
tunnel was operating below the liquefaction limit of 8601R.

7.2.6 Stress measurements

Detailed discussions on techniques for making stress measurements are provided by Heinrich and
Saari,6 14 Konicke and Garrard,' " and Garrard et al.6 2 Heinrich and Saari measured the circumfer-
ential stress in a 5-ft-diameter ringslot canopy in a subsonic wind tunnel during parachute inflation
under infinite mass conditions and in steady state. Konicke and Garrard measured the circumferential
stress in a 4.64-ft-diameter, 20% porosity flat ribbon parachute in a subsonic wind tunnel. Garrard et
al. measured the circumferential stress in an 18-in.-diameter, 25% porosity ribbon parachute in a
subsonic wind tunnel. Omega gauges were used for stress measurements for all three wind tunnel tests.
Additional testing details are presented in Section 6.3, and complete descriptions of the testing
technique and instrumentation are given in the three references cited above.

7.2.7 Other parachute-related wind tunnel tests

Heinrich 7
1 measured the relationship between effective porosity and differential pressure of rigid

steel and nylon ribbon grids of various geometric forms and geometric porosities in a subsonic mass
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flow facility. The grid sample holder provides a total opening of 10 in2; three to ten ribbons 1/4, 3/8,
and 5/8 in. wide with geometric porosities of 0.125 to 0.50 were tested. He measured the effective
porosities and the discharge coefficients.

Bacchus, Vickers, and Foughner4
.
6 conducted tests of four different schemes to deploy a 1/8-scale

model (6.75 ft in diameter) of the Space Shuttle Solid-Fuel Booster recovery system's drogue
parachute in the NASA-Langley 16-ft Transonic Tunnel at a test Mach number of 0.17. The basic test
objectives and experimental setup were described in Section 7.2.1. The deployment tests used the
forward 40% of the SRB model mounted vertically on the tunnel floor; the angle of attack could be
varied from 70 to 180 degrees. Two high-speed motion picture cameras were mounted on the tunnel's
side wall. One camera viewed the SRB forebody for recording the nose cap ejections and drogue pack
extractions. With the aid of timing marks, the film from this camera was also used to determine the
velocities of the actual nose cap ejection. The second side wall camera was mounted farther
downstream so as to view the canopy stripping action and canopy inflation. A third high-speed camera
was mounted on the tunnel sting support system and viewed the complete sequence looking upstream.
From analysis of the film, it was possible to evaluate each deployment based on the following criteria: i

" Nose cap ejection velocity
" Nose cap clearance
" Nose cap behavior as a pilot drag device
" Drogue pack dynamics during drogue deployment
" Suspension line and canopy deployment characteristics

These testing techniques provided quantitative measurements of the dynamic performance of
scaled models of the SRB drogue parachute deployment system in a controlled wind tunnel test
environment. This in turn provided the SRB parachute system designers with valuable data for the
selection of the optimum deployment system, because this dynamic performance is not amenable to
calculation. This test is a good illustration of how a wind tunnel test can yield worthwhile quantitative
information on the dynamic behavior of parachute systems during such transient processes as
deployment, inflation, etc.

Heinrich and Madigan79 developed a twin balance for measuring tangent, normal, and moment
coefficients of each parachute in a twin cluster in a wind tunnel. The force sensing elements were
bending beams with strain gauges. The two stings of the balance were joined at the front by a common
pivot and supported at the rear by a circular arc. The pivot was connected to the upper and lower wind
tunnel turntables by guy wires, and the arc was supported by posts to the turntables. The
aerodynamic coefficients of the cluster can be calculated from the six component measurements of
individual parachutes. A twin cluster of 12-in.-diameter solid cloth, flat circular parachutes was tested
in a subsonic wind tunnel. The interference of each parachute upon the other was established and the
aerodynamic coefficients of the cluster were determined. The interference effects were significant.
New experimental techniques with the appropriate instrumentation should be developed to measure
the aerodynamic coefficients of parachute clusters in a controlled wind tunnel test environment.

Wolf and Croll7 "' conducted a series of tests of 3-ft-diameter conical ribbon parachutes in the
LTV 7-ft by 10-ft subsonic wind tunnel to measure the drag and the force in parachute reefing lines
during inflation to the reefed condition. The suspension line lengths tested were 1.0, 1.5, and 2.0 times
the constructed diameter, and canopies with geometric porosities of 10 %, 15 %, 20%, and 25 % were
tested. The parachutes were attached to a cable-mounted forebody (3.25 in. in diameter and 30 in.
long) suspended at the tunnel centerline. A 500-lb-capacity load cell, mounted to a gimbal, was
attached to the aft end of the forebody to measure drag. The reefing line force was measured with a
miniature tensiometer (a strain-gauged hollow tube, 0.6 in. long and 0.09 in. in diameter) bonded to
the reefing linie. All data were recorded simultaneously on analog magnetic tape for posttest analysis
and on an oscillograph for monitoring purposes during the test. High-speed (400 frames per second)
motion picture coverage was obtained with two orthogonal-view mounted cameras.

Prior to the test, a parachute model was rigged with an instrumented reefing line of lengths
between 19 in. and 67 in. Next, a 9-in.-long reefing line with an electrically initiated line cutter was
installed through the same reefing rings. After tunnel flow was established, a sequence timer was
activated to start the high-speed motion picture cameras, trigger the event marker, and fire the reefing
line cutter. The magnetic tape recorder and oscillograph were manually started before initiation of the
sequence timer. Data were taken while the parachute inflated from its initial reefed condition (using
a 9-in.-long line) to its next reefed (instrumented) condition. A photograph of the test setup is shown
in Figure 7.8.



~154

' 154!

Figure 7.8. Reefing tests of 3-ft-diameter parachutes in LTV subsonic wind tunnel

Reduced data plots and tabular listings were obtained by digitizing (at 1000 samples per second)
the analog magnetic tapes after the test using the Sandia Wind Tunnel Data Acquisition and Control
System. Typical digital plots of drag and reefing line force during the disreefing event are shown in
Figure 7.9. This parametric test series shows the effects of reefing line length (Lr), suspension line
length (Ls1 ), and canopy porosity (Xg) on the transient drag (Fa) and reefing line loads (Tr) while the
canopy is filling to the reefed conditions. These data should be very useful for the preliminary design
of a high-performance reefed ribbon parachute.

Higuchi 7 ' experimentally investigated the flow field past flat and curved grid models simulating
segments of a ribbon parachute in low-speed wind tunnels. Flow visualizations (primarily oil flow) and
surface pressure measurements were made to study the effects of the spacing ratio and the Reynolds
number. A flow visualization study on the wake behind a ribbon parachute was conducted.

Higuchi 7 " used a towing tank and a subsonic wind tunnel to study the wakes behind a solid disk,
a slotted disk, a solid parachute model, and a ribbon parachute model. The structures of the unsteady
wake patterns were measured and analyzed. In addition, the effect of rapid model deceleration on the
wake was visualized. The wake vortices overtaking the decelerating disk model were documented.
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Figure 7.9. Sample digital data plot from LTV wind tunnel parachute
reefing test

7.3 Wind tunnel blockage

The air flowing around a parachute in the sky is unconstrained-it goes where it pleases. The air
flowing around a parachute being tested in a wind tunnel, however, is constrained by the walls of the
test section. The presence of the walls alters the natural shape of the streamlines at that same distance
from the parachute. In subsonic and transonic flows, the disturbance by the walls on those streamlines
is communicated to the rest of the flow field, including regions directly upstream of the canopy and
streamlines that flow into the canopy. In this manner, the "blockage" of the wind tunnel walls changes
the airflow in which the parachute is flying. Since the parachute is a textile structure, these changes
in airflow may cause changes in parachute shape. The data taken from wind tunnel tests where
blockage is excessive are therefore incorrect because they were obtained from a distorted parachute
shape flying at a different free-stream velocity than is usually measured in the tunnel. Cockrell" 6

provides a good description of the effects of blockage caused by model parachute canopies.
Maskell7 ": shows that the dominant effect of blockage constraint is a simple increase in the fluid's

free-stream velocity, in part related to the volume distribution of the body itself, termed solid
blockage, and in part related to the displacement effect of the wake, termed wake blockage. Cockrell
notes that unless the blockage area ratio, which is defined as the ratio of the cross-sectional area of the
body to the cross-sectional area of the fluid stream at the body location, is small (under 15%), the
disturbance to the flow pattern around the body and its downstream wake, which is caused by
blockage, is extreme. For bluff bodies such as parachute canopies, Cockrell recommends blockage
areas of less than 5%. For blockage areas under 10 %, Cockrell presents four methods for correcting
the parachute drag coefficients for the wind tunnel blockage.

Baca4 "' tested 15-in.-diameter solid and ribbon parachute models in clusters up to eight in the
LTV 7-ft by 10-ft subsonic wind tunnel to determine the effects of canopy number, canopy type, riser
length, and reefing on drag. Typical data are shown in Figure 4.29. Baca estimated the blockage and
decrease in dynamic pressure by using the parachute's constructed diameter (assuming an imporous
canopy normal to the flow) to calculate the blockage area of the model. He measured the dynamic
pressure at 13 axial locations on the tunnel ceiling, with and without the full-open solid-canopy model
installed. He then used the dynamic pressure measured at the axial station closest to the plane of the
parachute skirt to calculate the blockage and the corrected drag coefficient. The increase in measured
dynamic pressure and the blockage are compared to the estimates in Table 7.3. The measured
blockage varied from 3.0% (one canopy) to 13.7% (eight canopies). In general, the measured dynamic
pressure and the corresponding blockage were higher than the estimated values.
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Macha and Buffington ' 14 measured the blockage of 6-ft-diameter, 20-degree conical ribbon

parachutes of 7 %, 15 %, and 30 % geometric porosities in six different wind tunnels (see Table 7.4).
Note that the blockage ratios varied from 0.02 to 0.22 in the different wind tunnels. Single parachutes
were tested in all six tunnels; clusters of two and three parachutes were tested in tunnels 1 through
3 only. The parachutes were attached to a single-component load cell mounted inside a 3.2-in.-
diameter by 18-in.-long ogive-cylinder body that was positioned at the tunnel centerline using steel

, wires extending to the side walls of the tunnel. The base pressure was measured with twelve pressure
orifices manifolded together, located on the outside centerline of each gore 12 in. from the apex. The
orifices consisted of 0.035-in.-diameter holes drilled in 0.5-in.-diameter rigid plastic disks sewn to the
outer surface of the canopy. The manifolded pressure tubing (one line) was attached to one of the
suspension lines and this base pressure was measured with a pressure transducer. The inflated
diameter of the parachutes was measured with high-speed motion picture cameras.

Table 7.3. Wind Tunnel Blockage and Dynamic Pressure Increase for
Solid Parachutes

Dynamic Pressure
Increase at Ceiling

Number of 5(0) Blockage
Parachutes Estimated Measured Estimated Measured

1 3.7 6.2 1.8 3.0
2 7.4 9.2 3.5 4.3
3 11.5 12.8 5.3 5.8
4 15.6 17.8 7.0 7.9
5 20.2 22.4 8.8 9.6
6 24.8 25.1 10.5 10.6
7 30.0 31.2 12.3 12.7
8 35.2 34.3 14.0 13.7

Table 7.4. Wind Tunnels Used in the Blockage

Study

Wind Tunnel Blockage Ratio

Lockheed 30X26 ft 0.019
NASA-Langley 14X22 ft 0.048
NASA-Lewis 9X15 ft 0.116
General Dynamics 8X12 ft 0.166
NASA-Ames 7 X 10 ft 0.217
LTV 7X10 ft 0.217

Macha and Buffington correlated their blockage data using the approximate correction method of
Maskell, 7 

1 which was developed for a variety of nonlifting two- and three-dimensional bluff bodies.
Maskell gives the effective dynamic pressure (q) as

q/qu = 1 + KM" [(CDS)U/C]

where C is the cross-sectional area of the wind tunnel, the subscript u indicates that the drag area
(CDS) data are uncorrected, and K 1 is the bluff-body blockage factor for the model shape of interest.
Since Km is independent of the geometric blockage, the form is suitable for on-line correction during
data reduction, even for parachutes where the inflated diameter may not be known a priori. Maskell
indicates that the base pressure (near-wake pressure) is related to the bluff-body blockage factor by

K51 = -1/Cp , (7.2)

where Cp is the pressure coefficient. K can be evaluated for a particular parachute by directly fitting
Eqs. 7.1 and 7.2 to drag or pressure measurements on models over a range of geometric blockage ratios.

Macha and Buffington summarize in Figure 7.10 the blockage data for single parachutes. The data
are evaluated for three different porosities, from both drag and base pressure measurements, and from
six different wind tunnels. The best fit of KM1 for the three porosities is 1.85 for this ribbon parachute,
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which compares with 2.8 for a nonporous disk and 3.4 for a sphere in subcritical flow. This correlation
works very well for a widd range of blockage ratios and parachute porosities. They also present
blockage data for two- and three-cluster systems; the derived KM is 1.35 and 1.59, respectively.

In summary, it is recommended that engineers planning subsonic wind tunnel tests of high-
performance ribbon parachutes use the blockage corrections of Macha and Buffington' to correct
the measured drag for the flow-constraining influence of the wind tunnel walls. By measuring the base
pressure of the parachute and using the correlation they propose, accurate opening-shock drag data
can be obtained in subsonic wind tunnels for blockage ratios as high as 15 %. This technique allows the
use of larger parachutes in any wind tunnel, which alleviates fluid dynamic and structural scaling
problems encountered when applying wind-tunnel-model data to full-scale flight. For determination
of aerodynamic coefficients, the projected area of the inflated aerodynamic decelerator should
generally not exceed 10% to 15% of the test section area.
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Figure 7.10. Effect of wall constraint on effective dynamic pressure for
single parachutes

7.4 Special parachute instrumentation and testing methods

In general, there is a paucity of detailed information in the literature on special instrumentation
or testing methods for parachute wind tunnel testing. Most authors emphasize the wind tunnel test
results rather than the instrumentation or the testing method. Hence, the only references selected for
this section were papers where these testing techniques were discussed in detail and the authors were
familiar with the work. The reader is also referred to the other references in this chapter where some
discussion of the testing technique is made.

Croll and Peterson, 17,7 15,7 16 Croll et al., 7 7 and Croll et al. 7 17 describe in detail a computer-
controlled video instrumentation technique for the wind tunnel testing of lifting parachutes. During
testing of lifting parachutes, it was necessary to correlate the relative motion between the parachute
and forebody to the loads exerted by the parachute on the forebody as a function of time during
dynamic (deployment and filling) tests, disreefing, and for a full-open canopy. A computerized video
instrumentation technique was developed to provide this correlation during a full-scale wind tunnel
test of lifting parachute configurations. This instrumentation consisted of a small, rugged TV camera,
mounted on the forebody base, which tracked the positions of two lights attached to the inside of the
parachute canopy. The positions of the lights were digitized by an on-line minicomputer and
converted to yaw, pitch, and roll angles relative to the forebody. These data were obtained 30 times
per second and stored in disk memory along with instantaneous values of the axial force and rolling
moment exerted by the parachute on the forebody. The motion-force correlations made it possible to
determine the yaw damping of the lifting parachute and provided information on the specific sources



of rolling moments generated by the parachute. The lifting parachute is described in Chapter 3 andt in Section 7.2.4 of this chapter. A photograph of a 13-ft-diameter lifting parachute being tested at the

NASA-Ames 40-ft by 80-ft Subsonic Wind Tunnel is shown in Figure 3.10. The experimental wind
tunnel setup is illustrated in Figure 7.11 and a block diagram of the instrumentation system is shown
in Figure 7.12.
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Figure 7.11. Experimental setup and intr,,mentation summary

Croll et al.7 7 summarize most of the testing methiods "ajwd at Sandia to obtain wind tunnel data
for high-performance parachute designs. Figure 7.13 sL.ows a st-ag support rig developed for testing
39-in.-diameter parachutes in the LTV 7.ft by 10-it L w-Spect Wind Tunnel. It consists of a
six-component (normal force, pitching moment, side force, 3 awing i,.oment, rolling moment, and axial
force) balance mounted aft of the canopy with a pina projectirn throigh the parachute vent to support
a streamlined body to which the parachute stpension lines at e ati acted. The parachute was installed
on the sting unit at a roll angle of 90 degrees io provide a :arge sweep in pitch angle through the tunnel
turntable and a smaller yaw sweep throigh the .,tandqr.t picving-strut mechanism. This system
yielded parachute forces and moments as functions of pitch und yaw angles, as well as parachute trim
angle.

A sketch of a typical cable support rig is shown in Figure 7.14. Forebodies up to 36 in. long with
diameters up to -4.5 in. were supported by cableg at zero angle of attack and used to measure (' pg
when parachutes had to have freedom of movement. Drag links internally mounted on gimbals, small
roll-drag balances, or a full six-component balau ,e were used to obtain the required data. This type
of rig was used extensively to measure steady-state roll, roll and/or drag, and six-component forces
and moments, respectively. Disreefing and inflation tests were also done with cable rigs. Variations of
this cable rig were developed for the LTV, CAspan, NSRDC, and NASA-Langley facilities. A

A photograph of a strut support rig used f,- small-scale testing is shown in Figure 7.15. Most
Sandia small-scale lifting parachute testing was don, nn this strut support rig because it was the most
suitable rig for force, dynamic, and parachute position ineasurementz. This rig, with a 4.5-in.-
diameter and 36-in.-long forebody, was used in the LTV 7-ft by 10-k tunnel. A six-compa ient
balance, specifically designed to measure parachute forces and moments, was incorporated into the
base of the strut-mounted forebody model. A rod mounted on a transverse hearing, through the
approximate full-scale center-of-gravity location, attached the model to the two faired struts while a
rear-located push rod controlled angle of attack. This rig was mounted on the standard tunnel
turntable to allow variable yaw angle.
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Figure 7.16 shows a strut support rig used for full-scale testing. This full-scale support rig (shown
with an 18-in,.-diameter forebody model) was used in the NASA 40-it by 804f, tunnel with a
13-ft-diameter lifting parachute; the rig is similar in operating principle to the LTV strut-mounting
system. A photograph of the inflated parachute in this tunnel is shown in Figure 3.10 and the
test setup is described in Section 7.2.4. The forebody model wns free to pitch from +30 degrees to
-45 degrees and could yaw -+20 degrees. The forebody could also be locked at zero yaw angle for
unstable parachutes or to limit the system's degrees of freedom. The parachute's axial force and
rolling moment were measured by strain gauge load cells located within the forebody. The angular
position of the forebody relative to the tunnel axis was measured by geared potentiometers placed at
tihe pivot point of the forebody. The tunnel's standard external balance system was used to measure
the six-component force and moment data for the entire configuration. Parachute-only data were
obtained by subtracting out the forebody and strut support tares.
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Figure 7.13. Sting support rig for testing parachutes in the LTV Low-Speed Wind Tunnel

0.125-in. Support cable 15-in.-dia Parachute /

(3 places) Attachment loopsSwivel Swivel -

Cable 
Cbe nOp

Strain gauge balance

1.74-in..-dia Forebody Suspension lines

LTV 7 ft . 10 ft Low-Speed Wind Tunnel test section

Figure 7.14. Cable rig for parachute drag
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Figure 7.15. Strut support rig for testing parachutes in the LTV
Low-Speed Wind Tunnel

IL

Figure 7.16. Strut support rig for testing full-scale parachutes in the
NA'SA-Ames 40-ft by 80-ft Subsonic Wind Tunnel __
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7.5 Model parachute design and fabrication

In 1948, Knacke24 identiled the difficulties of testing FIST (flat ribbon) parachutes in a wind
! tunnel:

Extreme care is a prerequisite for the evaluation of wind tunnel data obtained from model
FIST parachutes. It is very difficult to build small parachute models, of diameters ranging
from I to 2 feet, with adequate dynamic and geometric similarity. Both canopy shape and
individual ribbon position are of prime importance. The individual ribbons of a FIST
become distorted during inflation and stimulate uniform flow separation. Very small
textile models of relatively stiff ribbons do not exhibit this characteristic in scale. The
effect is entirely lost with sheet metal models. Furthermore, very small scale models
require high porosity values. Experiments with textile models of diameters of 3 to 4 feet
will result, however, in useful and transferable data.

Subsequent experience with wind tunnel testing of scale-model ribbon parachutes during the last
30 years verifies Knacke's observations. In order to obtain meaningful data from subscale parachutes
in a wind tunnel and apply the data to full-scale flight parachutes, both aerodynamic and structural
scaling laws must be observed. Since parachute growth rate during the initial phase of inflation is
dominated by bending stiffness, particularly in the skirt region, the stiffness of the wind tunnel model

in relation to the aerodynamic stresses in the parachute must be taken into account. The static fold
height of a sample specimen is a convenient parameter that can be used to determine if the correct
stiffness has been achieved.

Schmidt and Fu7'18 applied the 7r-theorem of dimensional analysis to identify similarity param-
eters to describe the physical processes of parachute flight. They developed dimensionless parameters,
which included fluid parameters such as velocity and parachute parameters such as size and modulus
of cloth elasticity, for scaling down parachutes to simulate both the steady-state descent and the
filling process for full-scale parachutes.

Bacchus, Vicke1 s, and Foughner4 6 applied the laws of dynamic similarity to establish scale factors
for the Space Shuttle SRB nose cap, drogue parachute (6.75-ft-diameter wind tunnel m del) and the
flow conditions for tests in the NASA-Langley 16-ft Transonic Propulsion Wind Tunnel. They scaled
the porosity of the conical ribbon drogue parachute to provide the same drag coefficient as the
full-scale, 54-ft-diameter parachute. They also considered the stiffness index of the scale-model
ribbon parachute.

Weber and Garrard 7' 9 tested several ribbon parachutes (12- and 15-in.-diameter) of the same
geometric porosity but different flexibility in the University of Minnesota's subsonic wind tunnel
under steady-state conditions. They found that the number of gores was a dominant factor influencing
inflated canopy shape. No correlation was found between model flexibility and measured aerodynamic
performance.

Klimas, Widdows, ,nd Croll720 developed a modular asymmetric parachute for wind tunnel
testing in order to condut t parametric studies by varying geometric porosities in the side and bottom
gores of a 24-gore conical ribbon lifting parachute 40 in. in diameter. The top 7 gores were lined to
develop lift. The test program in the LTV 7-ft by 10-ft wind tunnel called for 100 model parachutes
to test all of the combinations of porosities. A modular construction method, consisting of gore panels
that fit together with nylon zippers, was developed. The zippers were sufficiently strong, flexible, and
narrow to approximate conventionally constructed radials. Each canopy comprised four "zip-in
panels," two 7-gore (top and bottom) panels, and two 5-gore (side) panels. This type construction
required ten 5-gore and nine 7-gore panels to make the 100 different canopies, and represented about
a 20-fold saving in gore panels over conventional constructions. This modular model parachute
fabrication technique has been used since 1981 at Sandia to conduct other wind tunnel tests; in recent
years, it has been used especially for symmetrical ribbon parachutes.

Lingard, Barnard, and Kearney4 24 fabricated 4.3-in.-diameter Kevlar conical ribbon, equiflo,
hyperflo, supersonic-X, and ballute parachute models for wind tunnel tests at Mach 0.5 to 4.35. The
design of each of these parachutes is discussed in their paper.

7.6 Conceptual design of a parachute wind tunnel for nonsteady testing

Maximum payload decelerations with high-performance parachutes are about 200 g, and peak
eZgn loads can exceed 500,000 lb. For many large parachutes, peak loads occur while the parachute

is in the f-arly stages of inflation, typically at an inflated diameter that is only 30% of the fully open
diameter. The ' :re from parachute deployment to full inflation is very short, and the oncoming
airstream velocit.y decreases signifilantly while the parachute is inflating. The ncnsteady fluid
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dynamic effects, which account for the added mass of entrained air in the equation of motion for
high-performance systems, can contribute loads as large as the quasi-steady drag (i.e., the drag
calculated using the instantaneous parachute shape, size, and drag coefficient). Further, the parachute
wake, generated near the deployment velocity, can overtake the decelerating canopy/payload and
cause parachute collapse. A typical force-time history for a high-performance parachute is shown in
Figure 7.17. Note that the total drag is -50% higher than the quasi-steady drag, and the peak load
occurs with the parachute only about 30% open. With performance and inflation characteristics like
this, it is easy to conclude that the important phenomena associated with high-performance parachute
inflation are dominated by nonsteady effects.

Parachute nonsteady aerodynamics

Total drag force = "steady" drag + "nonsteady" drag

D = [CD(t)] [S(t)] [/ pV2(t)] + (mfV)
where n,f is the added mass of entrained air

D - Beneficial Detrimental

[ ... Total drag ,I 'otaldrag"Nonsteady" drag increment

"Steady" drag

30% Openi on Time, t N

Full openj

Figure 7.17. The effect of nonsteady aerodynamics on parachute drag

At the present time, no ground-based experimental facilities are available to simulate the
nonsteady aerodynamic environment experienced by high-performance parachute systems under
realistic deployment conditions. Flight testing does not permit all of the important data. such as
canopy pressure or stress distributions, to be obtained because of experimental constraints. In
addition, flight data are subj. , to uncertainties introduced by locally varying winds. Infinite mass
testing, with the oncoming vei city constant instead of decreasing, is not able to simulate the
important coupling between de'eleration and inflation. Finally, computational codes that can
accurately predict the dynamics of a compliant structure in nonsteady, three-dimensional flow do not
exist, and it is doubtful that such codes can be developed with at benchmarking data from a
,onsteady wind tunnel. What is needed is a wind tunnel designed specifically to test parachutes, one

in which the model under test ;j allowed to decelerate as it inflates. Sandia has commissioned a
conceptual design study of sucih a facility with DSMA International, Missisauga, Ontario, Canada.
The results of this joint SanDJia/DSMA conceptual design are discussed by Aeschliman et al." "' and
are summarized in this section.

Macha7"
2 developed similarity parameters for testing model parachutes in a nonsteady wind

tunnel. He derived the similarity parameters from the set of equations describing the inflation
dynamics of the parachute canopy and the resulting deceleration of the parachute/payload system.
The equation of motion for the system yields the relationships among the primary variables of mass,
time, velocity, and linear dimension. Consideration of the radial momentum equation of the inflating
canopy introduces additional similarity parameters involving material properties such as canopy mass
and the tensile elasticity and bending stiffness of the fabric. From these primary Froude number and
mass ratio scaling laws, Macha concludes that time in the model system, like velocity is proportional
to the square root of the linear dimension. He also shows that deceleration is the same in both the
model and prototype systems, and that model forces scale as the fluid density, the square of the linear
dimension, and the square of the velocity.

A
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As an example of the application of these scaling laws, consider a prototype system with a payload
weight of 750 lb, a parachute constructed diameter of 24 ft, a deployment velocity of 650 ft/s, and a
measured peak deceleration of 30 g. A constructed parachute diameter of 5 ft is chosen for the model
system. Therefore, the scaled deployment velocity and payload weight are 297 ft/s and 6.8 lb,
respectively. The peak deceleration of 30 g is the same for the model as for the prototype, but the
parachute opening time for the model is about half the opening time of the prototype. At the high
decelerations typical for high-performance parachutes, the gravitational force has a negligible
influence on system dynamics during the inflation process. This generally allows relaxing the
requirement for Froude number scaling, so that the velocity becomes a free parameter that is no longer
tied to model scale. This offers several advantages for wind tunnel testing. If compressibility effects
are considered important, the Mach numbers can be matched and a strict requirement for matching
model acceleration can be relaxed.

A number of basic facility characteristics for a parachute wind tunnel were specified by Sandia.
Macha's studies of scaling laws and parachute material properties dictated a minimum constructed
diameter of 5 ft for the model parachute. A study of blockage effects of parachutes in steady-flow wind
tunnels showed that, for models of this size, a minimum test section area of 200 ft2, preferably in the
shape of a circular or near-circular cross section, is required. Maximum airspeed of at least 450 ft/s was
specified. Also specified was that transonic testing speeds be studied to determine whether they could
be achieved at reasonable cost. The minimum model acceleration was specified as 30 g. The feasibility
of a variable density facility was to be examined, and a choice between continuous and intermittent
facilities was to be made. The tunnel would be capable of steady-state testing in addition to its
primary mission of nonsteady flow testing; however, this steady-state testing capability should not be
the cost driver.

DSMA studied three basic design types of facilities for nonsteady testing: fixed airspeed with
model accelerating downstream, fixed model with decelerating airspeed, and a combination of these
approaches. They developed a one-dimensional method of characteristics solution to the transient
flow problem for a tunnel in which the airspeed is reduced. Test section lengths of 20 and 40 ft, with
speed control by downstream choke, were inputs to the predictions. Results showed that, foi
high-performance parachute modeis, there are significant velocity transients in time and space in the
20-ft test section, but they become unacceptably large in the 40-ft test section. A 20-ft length is
considered too short from the viewpoint of interaction with the choke flow field. Further, the
decelerating airstream concept violates both kinematic and dynamic similarity with the actual flight
environment. The pressure distribution over the model and the streamlines of the tunnel flow field are
not identical to those in flight, because the deceleration is not uniform along the length of the test
section (as required by a true Galilean transformation). Wind tunnel designs with decelerating test
section velocity were discarded for these reasons.

Initially, the continuous wind tunnel was included as a study candidate since it would easily meet
the secondary requirement of steady-state testing. However, this continuous wind tunnel option was
quickly discarded because of the enormous power requirements and greatly increased shell costs,
especially for the variable density option. Also, the short parachute inflation times (1 to 2 s) were
ideally matched to an intermittent operation mode.

The design type selected is a wind tunnel to be operated in steady state, at constant dynamic
pressure, while the parachute is deployed from rest and allowed to accelerate downstream through the
tunnel. The tunnel airspeed would coirespond to the scaled deployment velocity for the model
parachute, and the velocity-time history would be given by the wind speed in the model's frame of
reference. Two concepts were considered. The first was to allow the parachute to free-fly with a
payload mass scaled from the full-scale payload mass. The parachute is essentially self-powered, and
no control during the test is required or even possible. However, the requirement to specify payload
mass, which for many simulations may be only a few pounds, imposes a severe design constraint on the
free-flying instrumentation and data storage system. The second concept was to support the
parachute from a model cart that moves downstream with the parachute. The motion of the cart must
be controlled such that the cart exerts the same force on the parachute as would be exerted by the
scaled payload mass if the parachute were free-flying. This approach has a great advantage in that any
desired acceleration-time or force-time history can be generated, and the constraint on the size and
mass of the instrumentation and data storage (or transmission) system is essentially eliminated. The
model cart concept was chosen because of its inherent advantage, recognizing that the propulsion and
control of the cart is a technically difficult design. Aeschliman et al.7 " discuss the control issues and
instrumentation.
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The design drivers relating to facility operation were that the parachute wind tunnel be as simple
as possible to operate and maintain (minimal manpower requirements, operation costs, and turn-
around time) and that the safety hazards to personnel be minimized. An initial specification of
30 minutes turnaround time (between test runs) was subsequently relaxed to 60 minutes, primarily to
reduce compressor costs. However, it was estimated that since most model changeouts would require
about an hour, the increased turnaround time would not greatly affect overall tunnel productivity. j {i

Three drive systems were considered for the intermittent tunnel: indraft, injector, and blowdown.
The technology for each is well established. The indraft and injector systems have the advantage of
greater simplicity and lower installation and operating costs; the blowdown design offers the
advantages of variable-density operation and the widest operating envelope. Based on a comparison
of the relative cost and capabilities of these three options, an injector-driven design was tentatively
selected. The test section diameter is 16 ft and the test section length is 100 ft, with an overall wind
tunnel length of 408 ft. Six 28-in.-diameter injectors would be used to drive the tunnel (Figure 7.18).
Injector air is supplied at a pressure of 300 lb/in 2 from 34,000 ft of storage. An option that was
identified in the study is the use of slotted walls and a coaxial plenum. This option, which could be
incorporated at relatively little additional installed cost, provides the potential for transonic testing
up to Mach 1.15.

Figure 7.18. Perspective drawing of a transonic, injector-driven parachute wind tunnel

The transonic, injector-driven parachute wind tunnel design is shown in perspective in
Figure 7.18. The model cart and drive are conveniently located in the outer 26-ft-diameter plenum,
between adjacent slots. Various options for the cart propulsb-n were studicd; an electomagnetic drive
system, modeled after a newly developed launcher for arrier-based aircraft, appears to be the most
promising. Flow control is provided by a downstream choke and is expected to provide adequate
airspeed control over the Mach number range 0.1 to 1.15. Figure 7.19 shows the expected net ormance
envelope (run time vs. Mach number) for both the subsonic and transonic versions of the parachute
wind tunnel.

This concludes the chapter on wind tunnel testing. Parachute aerodynamicists have proved that
valuable design data on high-performance parachutes can be obtained in steady-flow wind tunnels if
the test is carefully planned with the right test setup (to simulate full-scale performance) and
adequate instrumentation, including secondary instrumentation to help interpret and validate
the primary instrumentation. However, a large nonsteady parachute wind tunnel is needed to
test high-performance parachutes under simulated rapid payload deceleration and controlled test
conditions.

-I
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Figure 7.19. Injector wind tunnel performance envelope
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CHAPTER 8

PARACHUTE MATERIALS

8.1 Background

Knacke s ' summarizes the improvements in textile fibers from pre-World War II to 1989 (see
Figure 8.1). Before World War II, silk was the primary material used for personnel and high-
performance parachutes. Silk was replaced by nylon, which became available in the early 1940s.
During the past 40 years, nylon fabrics have been used extensively as parachute materials.

Ewing, Bixby, and Knacke1'7 and the Parachute Design Guide ' provide excellent descriptions
(with the significant references) of the materials used for fabricating all classes of parachute systems
up through the mid-1970s. The Parachute Design Guide2

1 gives good descriptions of manufactured
fibers used for high-performance parachutes before 1963. These concise material descriptions are
repeated below for the convenience of tha reader.

Nylon is a polyamide in which less than 85 % of the amide linkages are attached directly
to two aromatic rings (nylon 6, nylon 6.6). The fiber is strong, durable, elastic, abrasion
resistant, and only slightly absorbent. Oxidizing agents and mineral acids cause degrada-
tion of nylon depending upon time of exposure, temperature, and concentration. The fiber
is essentially inert to alkalies and is generally not affected by organic solvents except some
phenolic compounds and formic acid. In dry heat, nylon 6.6 resists degradation and
discoloration up to 2500F. It sticks at 4450F and melts at 415 0F. In flame, the fiber burns
slowly with melting and is usually self-extinguishing when removed from the flame.

Aramid is a polyamide in which at least 85 % of the amide linkages are attached directly
to two aromatic rings (Nomex, Kevlar). The fiber is strong, dimensionally stable, resists
heat, and is only slightly absorbent. Aramid fibers do not melt and are self-extinguishing
when removed from flame. Nomex has elastic and energy absorption properties similar to
nylon, but maintains its strength when exposed to elevated temperatures for long periods.
It degrades rapidly above 550*F. Kevlar is a high modulus (low stretch) fiber which
exhibits very good strength and stability, even at temperatures in excess of 5000F.

Fluorocarbon is polymerized from tetrafluoroethylene monomer (Teflon). The fiber is
non-absorbent, resists high temperature and most chemicals. The fiber does not degrade
below 400 0F. It sublimes above 559 0 F, and vapors are toxic. It presents a very low
coefficient of friction in contact with other materials.
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Figure 8.1. Growth in strength of fibers used for parachute fabrics
(taken from Ref. 8.1)
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Nylon will not be discussed in this report, except as it applies to degradation studies, since
complete descriptions are given in References 1.7 and 2.1. This chapter will be limited to a discussion
of the advances since the mid-1970s in materials that have been extensively used for high-
performance parachutes. The development and application of Kevlar since the mid-1970s will be
covered in detail, because the availability of Kevlar has had a major impact on the design of
high-performance parachute systems. Nomex will not be covered since it has rarely been used for a
high-performance parachute application. Teflon cloth is used extensively for lining deployment bags
(the low coefficient of friction minimizes the burning of ribbons and lines during high-speed
deployment). Teflon will be discussed in Chapter 9, Deployment Systems.

8.2 Kevlar development and application

Improvements in textile fibers used for parachute fabrics have contributed significantly to the
design of lighter and smaller volume parachute packs. Reducing the required volume for parachute
compartments is of major importance for most retardation systems. The development of Kevlar in the
1970s improved the available fiber strength, and the useful temperature range was increased from
200*F for nylon to 500*F for Kevlar. Table 8.1 illustrates the major differences in material
characteristics between Kevlar and nylon; stainless steel is included as a reference. The drawbacks of
Kevlar are its loss in strength due to moisture absorption or smog storage environment; it is not as
resistant to abrasion, and it is slightly more difficult to manufacture compared to nylon. Another

drawback of Kevlar is its higher cost, about a factor of 3 greater than nylon. Kevlar is an excellent
material for primary load-carrying members such as suspension lines, and it reduces the parachute's
weight and volume. These characteristics make it ideal for one-time use in ordnance high-
performance parachutes.

Table 8.1. Comparison of Nylon and Kevlar Material Characteristics

Ultimate Relative
Elongation Specific Tensile Strength Strength-to-Weight

Material GO Gravity_ (l/ft2  Ratio
Kevlar 29 4 to 5 1.44 400,000 2.70
Nylon 66 16 to 28 1.14 117,000 1.00
Stainless steel 1.1 8.00 185,000 0.22

In reporting work sponsored by the USAF Materials Laboratory, Coskren, Abbott, and Ross" 2
,-scribe the detailed study of the mechanical characteristics of Kevlar 29 and Kevlar 49 and the

design of 80 ribbons, tapes, webbings, cords, sewing threads, and canopy and pack fabrics. In general,
weights of the various Kevlar items were only about one-third those of their nylon counterparts. They
compare the fiber and yarn properties of Kevlar 29 with other materials in Table 8.2.

Peters8 3 conducted wind tunnel tests of Kevlar parachutes in the USAF Arnold Engineering
Development Center's 16-ft Transonic Propulsion Wind Tunnel. He tested 6.4-ft-diameter, 20-degree
conical ribbon parachutes, constructed of nyion, Kevlar 29, and nylon/Kevlar, at Mach numbers 0.6
to 1.2. Twenty-eight deployments were made from a strut-mounted cylindrical forebody (with a flared
base) for comparative evaluations of parachute drag and performance. A 20,000-lb capacity,
dual-element load cell was used to measure the transient drag, including the snatch load, during
deployment and the steady-state drag. The load cell outputs were digitized and recorded on magnetic
tape for on-line, steady-state data reduction, and were recorded by a high-speed (2500 samples per
second) digital data recording system for off-line data reduction of parachute drag dynamics. Motion
picture and television cameras were used to monitor the parachute deployment. Peters concluded that
Kevlar parachutes exhibit a shorter damping time for opening-shock load dynamics than nylon
parachutes. He observed that a savings of 57% in weight and 65% in volume could be reslized by using
Kevlar in place of nylon.

Abbott, Coskren, and Pinnell 8 ' developed Military Specifications for 71 Kevlar parachute
materials (ribbons, tapes, etc.). Forty-five designs are listed in Table 8.3. These materials were
designed to take advantage of Kevlar's high strength-to-weight ratio while giving due consideration to
structural stability, joint efficiency, and cost.

I
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Table 8.2. Comparison of Fiber and Yarn Properties (taken from Ref. 8.2)

Nylon Polyester Nomex Fiberglass Kevlar 29

Specific gravity 1.14 1.38 1.38 2.50 1.44
Rupture strength:

gpd 6 to 9 6 to 8 5 9 to 10 20 to 25
psiX10 - 6  90 to 130 100 to 140 90 300 350 to 450

Rupture elongation (%) 15 to 25 12 to 20 15 to 20 3 to 5 4
50% room-temperature 350 400 500 650 550

strength (0F)
Initial tensile modulus:
gpd 40 100 140 350 550
psiX1- 6  0.6 1.8 2.5 11 10.5

Bending modulus:
gpd 50 - - 300 400
psiX10- 6  0.7 - - 9 8

Torsional shear modulus:
gpd 2.7 4.5 916 - 14.6
psiXlO- 6  0.04 0.08 0.17 - 0.27

Rupture energy (ft-lbilb):
static 16,000 12,000 22,000 - 6,000
dynamic 12,000 11,000 12,000 - 11,000

Lateral critical velocity (ft/s) 2,020 1,550 1,450 900 1,870

gpd grams per denier
psi Ib/In '

Table 8.3. MIL-T-87130 Tape and Webbing (taken from Ref. 8.4)

Width Strength Width Strength
ype Class inI b PT e Class (in.) (lb)

I 1 1/2 250 X 1 1-3/4 1,000
2 1/2 550 2 1-3/4 1,200
3 1/2 800 3 1-3/4 2,500

11 1 9/16 500 5 1-3/4 4,900
6 1-3/4 4,500

IV 1 3/4 500 7 1-3/4 6,500
4 3/4 3,000 8 1-3/4 8,000
5 3/4 4,500 9 1-3/4 10,000

VI 2 1 525 11 1-3/4 15,000
3 1 750 13 1-3/4 20,000
4 1 1,000 XI 3 2 400
5 1 1,500 5 2 600
6 1 2,500 7 2 800
7 1 3,000 9 2 1,000
8 1 4,000 11 2 1,500
9 1 6,000 13 2 2,000
10 1 9,500 14 2 2,500
11 1 12,500 15 2 3,000

VII 1 1-1/8 1,100 16 2 4,000
2 1-1/8 2,750 17 2 5,000
6 1-1/8 13,500 19 2 8,000

VIII 1 1-1/4 800

IX 1 1-1/2 500
2 1-1/2 1,100
5 1-1/2 3,000

Developed but not yet included in the specification: 1 in., 370 lb, 1-3/4 in., 3000 1b, 2 in., 6000 lb.
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Goodwin, Abbott, and Pinnell s5 conducted tensile tests of Kevlar tapes, webbings, and ribbons.
Testing procedures used for nylon materials were found to be unsatisfactory for testing the Kevlar
materials; Kevlar's high strength and low elongation can result in premature breaks. Their extensive
testing with a wide variety of Kevlar parachute component materials led to the adoption of new jaws
and testing techniques designed to give breaks in the free length with nearly simultaneous failure of
all warp yarns, high values of breaking strength, and low variability.

Pinnell s tested a reefed Kevlar 15.3-ft-diameter conical, continuous ribbon parachute, at Mach
numbers from 0.21 to 0.98, with 18 drop tests from an F-4 aircraft, and with 13 rocket-powered sled
tests. He recorded a maximum opening-shock load of 29,000 lb. He concluded that Kevlar parachutes
can be used to produce aerodynamic performance similar to that obtained from nylon parachutes of

the same design. The two-stage reefing system was effective in controlling parachute drag area and
opening-shock forces.

Pepper s
.
7' '8

. conducted 12 sled-launched flight tests comparing Kevlar and nylon parachutes to
demonstrate the feasibility of using Kevlar for high-performance parachutes. Because a large
flight-test data base of over 500 aircraft drop tests was already available for a 12.5-ft-diameter nylon,
15-degree conical ribbon parachute for comparison, this parachute design was selected. This 16-gore
nylon parachute used 9000-lb suspension lines and 3000-, 2000-, and 1000-lb horizontal ribbons
distributed from vent to skirt, respectively. The nylon parachute weighed 43 lb and the Kevlar para-

chute 20 lb. Becaose of the difference in parachute weights, the length of the Kevlar pack was only
50% that of the nylon pack.

A two-rocket-stage sled system was used to eject the test vehicle (weighing between 400 and
600 lb) into the air for parachute deployment velocities of 650 to 1500 ft/s and dynamic pressures of
440 to 2100 lb/ft2. Parachute deployment was initiated by a pressure switch that sensed the pitot
pressure of the test vehicle. The pressure switch fired two thrusters, which ejected the tail lid at about
40 ft/s, deploying the 18-in.-diameter guide surface pilot parachute that deployed the main parachute
bag. An 11-channel onboard telemetry system was used to measure deceleration, pitot pressure, and
events. A laser tracker was used to obtain camera coverage of the parachute deployment and inflation,
as well as metric position data to obtain velocity versus time.

Pepper's tests provided valuable insight into the differences between the inflation and perfor-
mance of Kevlar 29 and nylon parachutes under dynamic deceleration conditions. Of particular
interest were the opening-shock loads, which were expected to be higher for Kevlar because of its
lower elongation. Some of the flight test data are presented in Figures 8.2 (peak inflation loads) and
8.3 (parachute filling times). Pepper concluded that (1) Kevlar can be used successfully to replace
nylon in the construction of heavy-duty ribbon parachutes, with a 50% saving in weight and volume;
(2) no discernible difference in maximum deceleration, filling time, or drag area could be found in
comparing Kevlar parachutes with nylon parachutes; and (3) the Kevlar parachute design had to be
altered from the nylon design in order to account for Kevlar's low elongation (4 % to 7 %).
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Figure 8.2. Peak inflation loads of a 12.5-ft-diamet r parachute
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Ericksen,8 Ericksen, Johnson, and Guess,' ° and Ericksen and Koch' " discuss the development
of Kevlar woven materials for application to high-performance parachutes at Sandia National
Laboratories. Ericksen s 9 found that the quasi-static tensile failure strength of the Kevlar 29 narrow
fabrics increased as the strain rate increased, but the tensile strength of yarn did not vary appreciably
with strain except when it had been subjected to a weaving operation. Ericksen, Johnson, and
Guess 8 ' developed a 1-in.-wide Kevlar webbing (as well as 2-in.-wide, low-porosity, 550-lb reinforced
selvage and low-porosity, 1000-lb nylon ribbons) for a 46-ft-diameter Kevlar/nylon parachute. The
system weight and volume were critical parameters, which required that the material strength be
closely matched to the design requirements, Ericksen and Koch8 " developed an alternating
flat-to-tubular Kevlar tape (535 lb) to replace braided suspension lines and woven tape radials on the
proposed new Crew Escape Mc.lule parachute system for the F-ill aircraft.

Peterson, Pepper, and Johnson,' 20 Peterson et al.,4 96 and Peterson and Johnson' 22 discuss the
application of Kevlar materials to high-performance parachute systems. These references give
examples of parachutes that use Kevlar suspension lines, radials, ribbons, reefing lines, bridles, and
skirt bands to show that they ae much lighter and more resistant to aerodynamic heating than
all-nylon parachutes. Table 8.4 gives seven examples of Sandia parachute systems that were
retrofitted with Kevlar suspension lines; note that the resultant savings in parachute system weight
varied from 16% to 33%. An example of a hybrid Kevlar/nylon parachute canopy is the 24-ft-
diameter ribbon parachute' ' designed to retard a 760-lb store at deployment velocities as high as 800
knots at sea level. The 24-ft-diameter hybrid parachute has twice the drag area of the 17-ft-diameter
all-nylon parachute it replaces, yet it weighs the same (84 lb) and is packed in the same volume
(2.1 ft

2) as the 17-ft parachute. Kevlar suspension lines, radials, verticals, reefing line, and skirt
reinforcement were used on this parachute in addition to some Kevlar horizontal ribbons (the 21
ribbons nearest the vent were nylon whereas the bottom 33 ribbons were Kevlar). The detailed design
of this system, which has been mass-produced for a system application, will be discussed in Chapter
12. AU-Kevlar canopies are usually necessary on parachutes that operate at supersonic speeds and
elevated temperatures for extended periods of time. One example is a 19-in.-diameter ribbon
parachute that was successfully designed to recover a 57-lb reentry vehicle nosetip (a Sandia project)
at deployment dynamic pressures up to 9000 lb/ft2 . Specifications 12

-
1 6 were developed at Sandia for

tape, webbing, cloth, thread, etc., for the Kevlar, nylon, and Teflon materials used in high-
performance parachutes.

Pinnell1 21 lectured on Kevlar textile technology at tae July 1985 University of Minnesota/Sandia
National Laboratories Decelerator Systems Engineering Course in Albuquerque, New Mexico. He
provided detailed information on Kevlar yarns, textile properties, materials development, and tensile
testing.
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Table 8.4. Examples of Sandia Parachute Systems Retrofitted With Kevlar Suspension Lines

Original Replacement Potential
Nylon Kevlar Weight Comments on

Description of Suspension Suspension Reduction* Kevlar Advantages of
Parachute System Lines Lines (%) Radials Kevlar Lines
12.5-ft ribbon 9000-lb 6000-lb 27 Yes Kevlar lines allowed
Navy Trainer Unit webbing webbing flotation bags to be

added to canopy with-
out increasing para-
chute weight

15-ft ribbon 1500-lb 20C0-lb 21 No Kevlar lines allowed
ARIES 1st stage braided braided canopy diameter to be

increased from 12.6 to
15 ft without increas-
ing parachute pack
volume

13-ft ribbon lifting 9000-lb 13,500-lb 25 Yes Kevlar parachute
parachute webbing webbing weighed less but pro-

vided higher perfor-
mance than original
nylon configuration

36-ft ringsail 2250-lb 2000-lb 20 No Both retrofitted and
recovery parachute webbing braided new ringsails with

Kevlar lines were
tested successfully

4-ft guide surface, 550-1) 1500-lb 16 Yes Kevlar lines are much
shell recovery braided braided more resistant to
parachute abrasion, but weigh

no more than the ny-
I(- :ines they replaced

12.5-ft ribbon 9000-lb 9000-lb 33 Yes Sandia's first attempt
SLAP-TV parachute webbing webbing in using Kevlar lines

with a nylon canopy

8-ft ribbon 1500-lb 1500-lb 16 Yes Kevlar lines were
recov-zry parachute tubular braided required to pach

parachute in
limited ,olume

6.44-ft ribbon 1500-lb 2000-lb 26 No Sam? as above
LBRVt  webbing braided

8-ft ribbon 1500-lb 3500-lb 100% increase No Twice the line
Sadarm recovery webbing braided in line strength of original
parachute stre igth for parachute

16% weight
increase

* Tie potential weight savings refer to the reduction in weight that would occur if the nylon lines were replaced by
Kovlar lines of the same strength and no other changes were made to the parachute.

"t IBRV =large ballistic .eentry vehicle.

Beare' "7 developed a new, lightweight (1.1 oz/yd 2) parachute fabric based on a 55-denier Kevlar
aramid fiber. This fabric has three times the strength of nylon at the same weight and thickness, ai,,.
is nonmeiting. Its primary application in parachutes is on nonmelting cockpit ejection parachutes for
the Navy and Air Force to help reduce death and injuries if the canooy flies through the fireball.

In reviewing new materials available for aerodynamic applications, Ravnitzky s 's noted that
Axevlar 29 is generally specified for decelerator textiles because it offers a combination of high tenacity,
acceptable modulus, and denier availability. He indicated that Kevlar analogs were being produced in
Ge;7meny (Twaron) and in Russia; the Soviets have used para-aramid materials for the suspension
lines and reinforcement tapes on main and reserve parachutes used for the Soyuz-TM spacecraft
recovery.

In summary, it has been demonstrated in several design applications and many flight tests of these
different systems that Kevlar can be used successfully for high-performance parachutes. Critical
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applications where Kevlar is required are for some supersonic systems (where high temperaturfes
result from aerodynamic heating) and for systems in which parachute pack weight and volume mus;t
be kept to a minimum.

8.3 New materials

Ravnitzky' 8s reviewed many new materials suitable for aerodynamic applications (Table 8.5). Of
particular note is Spectra, discussed by Knacke, s l a high-modulus polyethylene that is part. of the
family of polyolefin fibers, which includes polyethylene and polypropylene.

Benefield' 9 reports that Spectra is an ultra-high-molecular-weight, extended-chain polyethylene
fiber manufactured by a unique process that produces longer, highly oriented polymer chains. Spectra
posses.,; the low density and chemical inertness of polyethylene, hnd has ten times the strength of
steel. It is now being made available for parachute applications. It is resistant to ultraviolet rays arnd
most chemicals. Its principal dr3wbacks are its cost and its maximum temperature limitation of only
1500F.

Johnson 210 discusses expanded polytetrafluoroethylene (PTFE) fibers. PTFE is the generic naire
for DuPont's Teflon fluorocarbon polymer. Expanded PTFE fibers are a new class of high-strength,
high-modulus fibers for fabric designers. They combine the known qualities of chemical resistance and
low coefficient of friction with the unique characteristics of high abrasion resistance, high strength,
and low elongation to generate tough, durable, stand-alone fabric constructions.

At the U.S. Army Natick RD&E Center in Natick, Massachusetts, Lombardi and Kaplan"'1
engineered the gene for spider silk into a bacteria that produces a fiber with 5 to 10 times the tensile
strength of steel. The fiber can be stretched about 18% without breaking. The bacteria in tura
produces a spider silk protein. Lombardi reports that his method of producing s,)ider silk involves
sophisticated biotechnology, but that existing fiber-spinning technology could be used.

Table 8.5. Materials Reviewed for Parachute
Applications (taken from Ref. 8.18)

polyamides
polyesters
para-aramids
liquid-crystal polyesters
meta-aramids
silica/ceramics/aluminas
polyolefins
polyacetals
sulfurs -
fluoropoiym~rs
fluorocarbon polymers
polyimides
polybenzimidazole
liquid-crystal polymer fibers
polyetheretherketone
silicon carbide
carbon/boron
reinforced films
knits/nonwovens/papers
metal/alloy textiles

8.4 Material degradation

The intent of this section is to provide the designer of high-performance parachutes %i;h
information on the degradation of nylon and Kevlar fabrics due to flight testing, aging, environment
(including high humidity), sewing, and packing. Schulman and Johnstone"' measured the tensile
properties of nylon, Dacron, Nomex, polybenzimidazole, fiberglass, and Chromel R at ambient and
elevated temperatures in air and in a vacuum. Boone8 22 measured the fatigue and strain character
istics of Kevlar yarn and cord under constant stress. Tests were performed on materials of Kevlar,
nylon, linen, rayon, and cotton, with emphasis on Kevlar. Polyamide and cellulose b3rds, yarns, an
webbings were loaded statically at various percentages ofl iominal breaking strengths using an Instrori

- -
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tester. The effects of cumulative loadings at several percentage loads were investigated. Kevlar,
although very high in tenacity and low in elongation, behaves as do other polymers under constant
load-there is no tensile or elongation point corresponding to the yield point or elastic limit in metals.
There is, rather, a constant yielding that, a, a given load, decreases logarithmically with time and

undergoes one or more changes in slope before failure.

Ericksen and Orear s 23 investigated the effects of moisture on the strength of Kevlar 29 ribbon
parachute fabrics using Instron ma, hines. Individual yarn samples and various fabrics were soaked in
water for periods cf 15 to 60 minutes. Yarn strength did not change; however, the fabric strength was
reduced from 3 % to 13%, depending on the weave construction. Additional experiments eliminated
as possible mechanisms such factors as the weaving process, yarn swelling, and increased abrasion in
the presence of moisture. Other tests demonstrated that increased interyarn friction occurs when
moisture is present. These test results suggest that the moisture-enhanced friction restrains highly
loaded filaments from adjusting their position and relieving stress concentrations.

Ericksen s24 investigated the effects of folding on the strength of Kevlar 29 and nylon parachute
materials. Instrumentation of a packed Kevlar parachute showed a maximum pressure of 30 lb/in2 on
the folds. After 1 year storage, the maximum pressure decreased to <10 lb/in. Samples from the
packed parachute showed no loss in strength after 1 year in packed storage or after an additional 2.5
years in a loosely packed condition. Results from laboratory tests of folded nylon and Kevlar with
13-lb/in 2 pressure on the folds showed no change in strength relative to unfolded control samples for
time up to 3.5 years.

Mead et al,.8.26 conducted accelerated aging tests of nylon 66 and Kevlar 29 yarns in humid air,
smog, and ozone to establish aging trends in these environments. Tensile strength of nylon yarn aged
in a humid environment (50% relative humidity at room temperature) for 6 months was reduced
from 40% at 110 0C to 85% at 1500C. Kevlar yarns in the same environment lost from 10 % (at 130*C)
to 32% (at 1700C) of their strength. Nylon exposed to smog for 6 months lost -63% of its tensile
strength, compared to a 7% loss in ozone. Loss of Kevlar strength was -27% in smog and
insignificant in ozone. Figure 8.4 illustrates the effect of smog on the failure load of nylon and Kevlar.

Ericksen, Pepper, and Whinery8
1

27 discuss the effects of sewing, packing, storage environment,
and parachute deployment on the strength of materials used in the fabrication of a nylon/Kevlar
24-ft-diameter ribbon parachute.'' Ribbon parachute materials, listed in Table 8.6, were tested
during development and production of the 24-ft parachute and after 2.5 years of exposure at ambient
conditions at four storage sites. Materials were stored in containers that were vented to the
atmosphere but not exposed to rainfall or sunlight at locations representing arctic, tropic, desert, and
industrial nvironments. Instron tensile tests of as-woven samples of nylon and Kevlar showed no
appreciable change in strength after storage for 32 months in these four environments.
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The tensile strength .of the 1000-lb Kevlar ribbons from 18 production lots of 24-ft-diameter
parachutes was-also measured. The average breaking strength of the production-lot ribbons increased
slightly; the overall average breaking strength was about 1300 lb. Sewing (the sewn samples were
segments of radials or verticals sewn to the 1000-lb Kevlar) caused a reduction in strength of 11% to
23%; a splice reduces the strength by -31%. Production-lot ribbons were tested to simulate the
conditions of a folded wet parachute subjected to freezing conditions and then deployed; the reduction
in strength was about the same as the loss due to sewing.

Table 8.6. Fabrics Tested for Heavy-Duty
Ribbon Parachutes

Width Strength(in. (lb)

Kevlarrow fabrics
2 1,000
2 2,000
0.5 550
1 4,000
1.125 13,500
1.75 15,000

Nylon narrow abrics
2 3,000
0.625 2,200
1 9,000
1.75 10,000

Note: These fabrics are described in MIL.T-5608,
MIL-W-83144, and MIL-T-87130.

The 24-ft parachute is pressure-packed to a density of 43 lb/ft2 using a hydraulic press and an
electric motor lacing puller. The first parachutes were packed in a relatively low-humidity environ-
ment. The strength of several Kevlar ribbons and webbings is listed in the first column of Table 8.7.
When these parachutes were packed in a high-humidity environment, much higher hydraulic
pressures were required to achieve the design pack volume. It was determined that the higher packing
pressures necessitated by the moisture in the parachute materials caused tearing of the 1000-lb
ribbons during packing and subsequent flight tests. A temperature-cycling test (the pack temperature
was held at 450C for extended periods of time, with shorter excursions to 650C and -52*C during the
1-year exposure) showed that the 1000-lb ribbons failed at only 673 lb. Another 24-ft-diameter
parachute was exposed to water for an unknown length of time; the pack weight increased from 90 lb
to 97 lb, and the tensile strength of the 1000-lb ribbon decreased to 607 lb (see Table 8.7).

Table 8.7. Strength of Fabrics From Packed Parachutes

Average Strength (lb)
Average of

Packed under Packed under all tests after
low humidity, low humidity, deployment below

Packed under then thermal- then immersed 1200 lb/ft 2

Fabric Type low humidity cycled in seawater dynamic pressure
1000-lb Kevlar ribbon 978 673 607 918
Yarn from 1000-lb ribbon 3.92 3.94 - -

2000-lb Kevlar ribbon 2,050 1,750 1,904 1,968
3000-lb Kevlar ribbon 3,383 3,100 3,333 2,895
13,500-lb Kevlar ribbon -- 13,025 13,145 14,090

Radial (Kevlar) 13,900 12,700 13,630 14,250

Mini-radial (Kevlar) 1,457 1,237 920 1,379
Skirt band (Kevlar) 13,067 12,850 - -
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Pepper' 'tested the 24-ft-diameter parachute 110 times, at dynamic pressures up to 2650 lb/ft2.

In all cases, the materials withstood the applied loads, and parachute performance and design
requirements were met. The average strength of the Kevlar ribbons and webbing for the recovered
parachutes tested after the flight tests at dynamic pressures below 1200 lb/ft is listed in the last
column of Table 8.7. Test results from the development of this parachute showed that relatively large
reductions in strength occur when the ribbons are sewn together, when the parachutes are packed in
a high-humidity environment, and when packed parachutes absorb large amounts of moisture or
undergo thermal cycling.

i Ericksens s measured the loss in tensile strength of Kevlar narrow fabrics due to moisture

combined with folding and compression of the fabric. Fabric samples were exposed to 96% relative
humidity, or they were soaked in water before compression or before moisture was introduced while
they were compressed. The Kevlar fabrics exhibited a 10% to 30% loss in tensile strength after wet
compression compared to the samples compressed dry. Similar tests on nylon did not show this effect.

Auerbach et al.s' 9 studied the effect of ribbon surface treatments on tensile strength. Routine
quality-assurance evaluations of nylon ribbons used on test-deployed parachutes revealed strength
degradation where blue-ink stencils were used on the ribbons for markings. Hence, an accelerated
aging study of the effects of ink and sizing chemicals (used for coating fabrics in parachute fabrication)
on tensile strength was conducted. Nylon ribbons and Kevlar webbings were treated with these
materials and stored under ambient temperature conditions and at 60'C for periods of up to 8 months.
Small increases in strength were observed under ambient conditions whereas small decreases were
observed at elevated temperatures. However, none of these laboratory results correlated with those
obtained from postmortem tests of test-deployed parachutes.

Auerbach 3 o studied the kinetics for the degradation of nylon 66 and Kevlar 29 yarns at elevated
temperatures and over a broad range of humidities. He developed a rate relationship that models the
degradation and permits computation of rate constants.

Tadios" 3' summarized the aging effects on 25-year-old nylon ribbon parachutes (16.5- and
48-ft-diameter) and 64-ft-diameter solid-canopy parachutes. Five 64-ft-diameter parachutes were
disassembled and samples from each parachute were randomly selected for testing with Instron or
Scott tensile testers. The structural evaluations included breaking strength, tearing strength, air
permeability, and melting point. The test results were compared with the Mil-Specs (Table 8.8a) since
the strength data from the original production lots, were not available. In general, the material
properties of the 64-ft solid-canopy parachute were within specifications after 25 years.

Tadios also tested three 16.5-ft-diameter ribbon parachutes and compared the results with the
Mil-Specs (Table 8.8a). On the average, the canopy ribbons failed to meet the required minimum
breaking strength, but the remainder of the parachute parts met their respective specifications. Six
48-ft-diameter ribbon parachutes were disassembled and the ribbon and webbing samples were tested

(Table 8.8b). The maximum loss in strength of the horizontal ribbons was 13.3%, whereas the
maximum loss in strength of the suspension lines was 7.8% compared to the Mil-Specs. Two 16.5-ft
ribbon extraction parachutes were disassembled and the ribbon and webbing samples were tested
(Table 8.8b). The maximum loss in strength of the horizontal ribbons was 16.6% and the average loss

Table 8.8a. Material Specifications for 64-ft and 16.5-ft Parachutes

Strength
Part Mil-Specs (lb)

64-ft-diameter solid-canopy parachutes

Gores: sections 1 to 4 MIL-C-8021 200
Gores: sections 5 to 9 MIL.C-7350 90
Risers MIL-W-4088, T-18 6,000
Suspension lines MIL-W-5625, 1/2 in. 1,000
Skirt band MIL-W-5625, 1 in. 4,000

16.5-ft-diameter ribbon parachutes

Canopy: section 1 MIL-T-5608, T-5, C1-E 3,000
Canopy: sections 2, 3 MIL-T-5608, T-2, CI-E 1,000
Suspension lifies MIL-W-4088, T-18 6,000
Vertical tapes MIL-T-5-38, T-5 500
Skirt band MIL-W-27657, T-19, 10,000

with 1-ply tape 1,000
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in strength of the suspension lines was 11%, compared to the Mil-Specs. One may question, however,
the validity of comparing the results of the ribbon tests with the Mil-Specs since the strengths
specified in the Mil-Specs are for virgin, as-woven materials whereas the ribbons tested consisted of
sewn sections. Ericksen, Pepper, and Whinery '27 observed that the addition of sewn material causes
a decrease in ribbon strength of 11% to 23%.

Table 8.r-,. Material Specifications for 48-ft and 16.5-ft Parachutes
Strength

Part Mil-Specs (lb)
48-ft-diameter ribbon parachutes

Suspension lines MIL.W-27657, T-2 4,000
Vertical tapes MIL-T-5038, T-5, 9/16 in. 500 (2-ply)
Radial ribbons MIL-T-5608, T-2, CI-E 1,000 (2-ply)

with 1-ply webbing 4,000
Reefing line MIL-W-4088, T-20 9,000

16.5-ft-diameter ribbon parachutes

Suspensioi. lines MIL-W-27567, T-3 3,000
Vertical tapes MIL-T-5068, T-5, 9/16 in. 500 (2-ply)
Radial ribbons MIL-T-5608, T-2, CI-E 1,000 (2-ply)

with 1-ply webbing 3,000
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CHAPTER 9

DEPLOYMENT SYSTEMS

9.1 Purpose and operation of deployment systems

Chapter 5 dealt with the complex nonsteady aerodynamic environment of high-performance
parachute inflation. It is important to realize that none of that environment will exist unless the
parachute is deployed in an orderly sdque-ice, with proper control of the aerodynamic and inertial
loads that govern the deployment procebb. Parachutes can be designed to withstand very high
inflation loads, but only if they are "healthy" after they are removed from the payload and positioned
properly for the load-bearing structure to accept the inflation forces that follow. Design of the
deployment system (which includes the design of the deployment method and the deployment bag,
bag-lacing cut knives, suspension line ties, canopy ties, and other cut or break ties) is just as important
in the successful design of a high-performance parachute as the accurate prediction of aerodynamic or
structural loading of the canopy during inflation. However, there is little documentation on the design
of deployment systems in the literature.

Many critical events must take place during parachute deployment. Table 5.1 lists the deployment
sequence for a 24-ft-diameter parachute deployed from the base of a 760-lb test vehicle at a dynamic
pressure of -2600 lb/ft2 . A gas-generator-powered telescopic tube, installed along the centerline of
the parachute pack, deployed the parachute at a velocity of -160 ft/s relative to the test vehicle. The
deployment times for this system vary from 0.15 s to 0.40 s, depending on the deployment dynamic
pressures. Deployment time is defined as the time from deployment initiation until the lines and
canopy are stretched out as the bag separates from the canopy (i.e., just before the canopy starts to
fill). To ensure orderly deployment of the suspension lines and canopy without damage to the
parachute, it is essential that each deployment event occur in the right sequence and in a repeatable
fashion. When these events do not occur properly and in the correct sequence, the parachute fails to
perform its intended function.

A vibual description of an orderly deployment of a high-performance, 46.3-ft-diameter ribbon
parachute from a 2465-lb store is shown in Figure 5.2. First the suspension lines and then the canopy
are stretched out in the sky after being pulled out of the deployment bag by the deploywei system
(pilot parachutes, in this case). The sequence of events that occur during the satisfactory depiouyient
of this parachute system is given in Table 5.2. Again, note that all deployment events take place over
a very short time spe.n.

A properly designed deployment system will

* provide reliable and repeatable parachute operation

* provide repeatable time intervals for each stage of the parachute's opening process, from the
parachute's deployment signal until the canopy is fully inflated

- minimize the magnitude of the snatch load (i.e., ensure that it is much less than the
opening-shock load)

* minimize the occurrence of anomalies such as canopy inversions and canopy fish-hooking

- avoid interference of any part of the parachute system with the payload or the carrier aircraft,
missile, rocket, shell, etc.

* provide repeatable parachute snatch and opening-shock loads, and

* minimize the opportunity for canopy or suspension line damage during opening due to
nonuniform canopy loading, friction burning, premature exit of suspension lines or canopy
from the bag, twisted suspension lines, etc.

The purpose of this chapter is to present sufficient design information to allow the designer to
select reliable and repeatable deployment systems for high-performance parachute systems.

9.2 Deployment methods

9.2.1 Background

The Parachute Design Guide,2 1 Ewing, Bixby, and Knacke,. 7 and Knacke,1 .
2 0 among others,

discuss different methods of initiating deployment. In his lectures in the Helmut G. Heinrich Short
Course on Parachute Systems Technology at the University of Minnesota (and in a similar course in

- 5
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Albuquerque in 1985), Knacke"2 ° offers some very practical design advice on parachute deployment
1 : systems. He gives examples of deployment concepts, including the advantages and disadvantages, of

(1) uncontrolled deployment, (2) semicontrolled pilot parachute deployment, (3) static line deploy-
ment, (4) controlled deployment (lines-first), (5) canopy-first deployment, (6) ',,rtar deployment, and
(7) rocket extraction. He also lists methods of deployment initiation, including (1) cover extraction,
(2) pilot parachute, (3) pilot parachute cover, (4) drogue gun, (5) mortar, and (6) rocket extraction. A
schematic of a "controlled" deployment is illustrated in, Figure 9.1.!I i I

Riser Suspension lines Deployment bag

Pilot parachute

Compartment
Compartment

cover

Figure 9.1. Controlled deployment

Huckins 9' conducted a study to develop techniques for selecting and analyzing parachute deploy-
ment systems. Deployment systems based on forced ejection, extraction using a drogue parachute, and
extraction using a rocket motor were considered. General equations approximating the linear

# dynamics of deployment before inflation were derived. The problems associated with each type of
k eployment technique were identified and compared.

Poole and Huckins9'2 mathematically modeled the elasticity in parachute suspeasion lines during
the deployment process. The massless-spring approximation was evaluated. Equations that govern
the elastic response of the suspension lines were combined with those governing the motion of the
vehicle and the deployment bag. This set of governing equations was integrated numerically and the
results were compared with flight test data. Agreement was satisfactory except during periods of rapid
fluctuations in line tension.

Four methods of deploying parachute systems are discussed below, with examples from exten-
sively tested flight systems. It should be noted, however, that many times a designer will use
combinations of these methods to achieve reliable deployment of high-performance parachutes.

9.2.2 Pilot and drogue parachutes

A large main parachute can be deployed by attaching its deployment bag to a smaller parachute
(called a pilot parachute) and using the drag of the pilot parachute to remove the main bag from the
payload and strip the main parachute out of the bag. Since the force used to deploy the main
parachute is related to the drag of the pilot parachute, snatch loads and bag strip velocities are a
function of the deployment dynamic pressure and pilot parachute size. Using a pilot parachute has
proved to be successful when the range of payload velocity at the time of deployment does not vary
by more than a factor of 3 or 4. A drogue parachute decelerates and/or stabilizes a store prior to main
parachute deployment.

Pepper' 3'•4 used a heavy-duty, 18-in.-diameter guide surface pilot parachute (coated with silicone
rubber) to deploy the bag containing a temporarily reefed, 20-ft-diameter heavy-duty ribbon
parachute from the base of the test vehicle. This deployment system was successfully used at
supersonic deployment conditions up to Mach 2.43 and dynamic pressures of 5700 Ib/ft3 . The pilot
parachute itself was deployed by k ;ing a gas-generater drogue gun to eject a 1-lb mass attached to the
pilot parachute.

Johnson3 50 developed an overwater recovery system for 150-lb sounding rocket payloads that have
achieved apogee altitudes of 106 ft. The recovery system was designed to position the payload's center
of gravity at 45 % to 55 % of the body length at reentry. This ensured that the payload assumes a high-
drag configuration (flat spin) during and after reentry. While in the flat spin, the payload decelerates
to subsonic velocities. The first-stage parachute is deployed at an altitude of 15,000 ft by a baroswitch
closure that fires a pressure cartridge and ejects the rear cover of the payload. A sketch of the rear
cover and ejection mechanism is shown in Figure 9.2. A 3-ft-diameter ribless guide surface parachute
is used to stabilize and decelerate the payload so that the main recovery system can be deployed
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without damage. After 10 s, cutters are initiated to sever the load bridle and to release the 3-ft pilot
parachute that then deploys the main recoveiy system (6-ft-diameter guide surface parachute) from
a deployment bag. Thirteen rocket payload recovery systems (see Johnson 35 1 and Fowler, Maydew.
and Barton3 52) have evolved from this concept to recover weights of up to 1000 lb. Over 300 rocket
payloads have been recovered (to date) by nine U.S. and NATO organizations from launches of 23
different rocket systems from 15 locations worldwide. Approximately 100 of the recovered rocket
payloads were flown on NASA-Wallops Island rocket systems; Sandia furnished the recovery systems
for these payloads.

Recoil plate

Outer plate

Steel cable

Ablative coating

Cylinder

Piston

0-rings
Pressure cartridge

Insulation

Shear pin hole,
3 places

Figure 9,2. Rear cover of rocket payload recovery system

Knacke'- 0 discusses the method of deploying the parachute system for the 10,000-lb Apollo
Command Module landing system. The recovery sequence starts with ejection of the apex cover at an
altitude of 25,000 ft. A 7.2-ft-diameter ringslot parachute is used to help further remove the apex cover
and to prevent recontact between the cover and the command module. The two 16.5-ft-diameter
ribbon drogue parachutes (one is a back-up) are then mortar-ejected; they stabilize and decelerate the
command module. At 10,000 ft altitude, the drogue parachutes are disconnected by ordnance cutters,
and three 7.2-ft-diameter ringslot pilot parachutes are deployed by a mortar. Each pilot parachute
individually extracts one of the three 85.5-ft-diameter ringsail main parachutes.

Maydew and Johnson3" used a 3-ft-diameter ribless guide surface parachute to deploy a 22.2-ft-
diameter reefed ribbon main parachute from the base of an 18-n.-diameter, 2100-lb store. The
heavy-duty nylon main parachute weighed 135 lb and was deployed at low altitudes at Mach numbers
from 0.57 to 1.70 and at deployment dynamic pressures up to 2720 lb/ft2 . This parachute system is
described in more detail in Section 3.2.1.2. Closure of a timer 0.6 s after store release from the aircraft
initiated the explosive separation of the tail can from the test vehicle, which in turn deployed the pilot
parachute that was packed on the base of the main parachute pack. Closure of a pitot probe pres. e
switch initiated the explosive separation of the tail can for the rocket-boosted tests.
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Pepper93 developed a two-stage parachute system for the overwater recovery of a reentry vehicle
nose cone. The 102-lb vehicle reentered at an altitude of 300,000 ft at a velocity of 18,700 ft/s.
Recovery was initiated at 28,000 ft altitude by ejecting the aft 62 lb of the vehicle mass with a
telescoping tube powered with a hot-gas generator. After -8 s, the tail cover was pressure-ejected
(with an explosive cartridge) out of the vehicle base; the tail cover deployed the pilot parachute bag

by means of a bridle (see Figure 9.3). The 19-in.-diameter ribbon pilot parachute stabilized and
decelerated the 40-lb payload for 1.9 a and then deployed the lightweight 3-ft-diameter ribless guide
surface parachute. A special bridle/lug arrangement was designed so that the pilot parachute could be
released by firing a single ordnance line cutter. Detailed descriptions of the deployment method,
parachute specifications, packing methods, and deployment bags are given by Pepper. This program
resulted in the first recovery of a high-beta reentry vehicle at sea, off Wallops Island, Virginia. The
recovered carbon nosetip was analyzed, and wind tunnel models of the ablated nosetip were tested in
wind tunnels by many research organizations to study the effects of ablation on boundary layer
transition.

Figure 9.3. Nosetip Recovery Vehicle parachute system

Pepper 4 developed an 8-ft-diameter nylon/Kevlar ribbon parachite to recover a 266-lb payload
(which consisted of three spent Zuni rocket motors in a spin-up t ..ster) at deployment dynamic
pressures of 500 to 1690 Ib/ft2 . He developed an 18-in.-diameter Kevlar (to resist heating damage
during rocket burn) guide surface parachute to extract the main parachute bag from the canister. The
8-ft main parachute weighed 6.3 lb and was pac~ed in a two-leaf, 5-in.-diameter by 24-in.-long bag.
The pilot parachute was deployed by the explosive ejection (aft) of the parachute container lid.

Johnson and Peterson3 6 developed a 46.3-ft-diameter nylon/Kevlar parachute to decelerate a
2465-lb vehicle from transonic speeds (deployment dynamic pressures of 300 to 2130 lb/ft2 ) to ground
impact velocities of -70 ft/s from aircraft delivery at low altitudes. Initially in the program, a
5-ft-diameter nylon/Kevlar conical ribbon parachute (packed on the base of the main parachute bag)
was used to deploy the 46.3-ft-diameter parachute. A tractor rocket deployment system was also
considered, but the pilot parachute system was chosen as the baseline design because of cost
considerations. The principal disadvantage of pilot parachutes is that the rate of deployment and the
deployment loads on the ran parachute are proportional to the dynamic pressure acting on the pilot
parachute. A pilot parachute that works well at a dynamic pressure of 300 lb/ft2 may generate
excessive opening-shock loads at a dynamic pressure of 2130 lb/ft 2. Conversely, a pilot parachute that
works well at high speeds may take too long to deploy the main parachute at the lowest aircraft
delivery speeds.

The 5-ft-diameter pilot parachute is deployed by the explosively ejected vehicle base plate. It was
successfully used for 32 flight tests, with no damage in deploying the 46.3-ft parachute. On two
subsequent supersonic flight tests, the pilot parachute collapsed shortly after initial inflation, causing
severe suspension line sail and canopy damage to both main parachutes (see Figure 5.3). The line sail,
which is discussed in Section 5.2.1, was caused in part by the high payload angle of attack at the time
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of parachute deployment. The high payload angle of attack was caused by theinteraction of the
aircraft flow field with the payload at supersonic speeds. With the payload flying at a high angle of
attack and at supersonic speeds, the wake behind the store is turbulent 'and -contains large
lateral-velocity components and pressure gradients. The 5-ft pilot parachute was not able to remain
inflated in such a violent wake flow field. The shock waves generated by the F-lll' aircraft caused the
pilot parachute to collapse after the initialinflation. Once the pilot parachute collapsed,-it could not
provide enough drag to avoid the severe suspension line sail shown in Figure 5.3. Computer
simulations (described in Section 5.2.1) indicated that a pilot parachute with an effective drag area of
-17 ft2 would avoid serious suspension line sail problems during store releases from the F-111
aircraft.

A cluster of three small ribbon parachutes was proposed as a replacement for the single
5-ft-diameter pilot parachute. Although clusters of parachutes have been used as main recovery
parachutes for years (e.g., the Space Shuttle SRB recovery system), the authors could find no
references in the literature that describe the use of a cluster of parachutes to deploy a main parachute.
Each pilot parachute canopy was 3.8 ft in diameter and was tied to each of the other canopies at theskirt by a 9-in.-long nylon tether. Figure 9.4 compares the cluster parachute configuration to the single
5-ft pilot parachute and shows where the pilot parachutes are located with respect to the payload
wake. The cluster configuration was selected because it has approximately 80 percent more canopy
area than the single 5-ft pilot parachute and because the individual canopies of the cluster can extend
farther out of the payload wake into the less turbulent airstream, where the dynamic pressure is
higher. It was postulated that a cluster parachute might reinflate more rapidly (if collapse occurs)
than the 5-ft parachute, because the cluster parachute can move out of the payload wake into less
turbulent air. As shown in Figure 9.4, the 5-ft parachute must reinflate while the skirt is totally
immersed in the turbulent payload wake.

3.8-ft Parachutes
Tether lines tying
canopies together Single pilot

Store diameter parachute

1_ and wake

5-ft Single pilot parachute
3.8-ft Pilot parachute cluster (original design)

Figure 9.4. Relationship between the store wake and pilot parachutes for the
cluster of 3.8-ft pilot parachutes and the ofiginal 5-ft single store pilot parachute

Each 3.8-ft-diameter cluster parachute has twelve gores containing three skirt-to.vent nylon
mini-radials and eight 1500-1b, 2-in.-wide nylon ribbons spaced 0.56 in. apart. A continuous ribbon
construction is used with 4000-lb nylon vent reinforcement and 4000-lb Kevlar skirt reinforcement.
The 80-in.-long suspension lines use the same figare-eight construction seen on the main parachute.
They are arranged in three groups for each parachute; the line groups are attached to a plate at the
aft end of the main parachute deployment bag. The suspension line material is 1-in.-wide, 4000-lb
Kevlar, and the radial backing is 1-in.-wide, 2400-lb Kevlar. The design load for each cluster
parachute is 21,800 lb. The three pilot parachutes (Figure 9.5) are packed in an envelope deployment
bag that is pulled out of the payload by a bridle attached to the payload tail plate. The tail plate is
ejected explosively to initiate the deployment process.

Two flight tests were conducted at Sandia's Tonopah Test Range to measure the drag force
generated by the pilot parachute cluster in the wake of the payload. In each test, the cluster was towed
for 3.5 s while drag m asurements were made before the cluster was released and allowed to deploy the
main parachute for vehicle recovery. Using this technique, drag data were obtained for Mach numbers
between 0.5 and 1.5. A peak deceleration force of 29,000 lb (12 g) was meas-red at Mach 1.5. Although
this drag force is higher than the 5-ft pilot parachute drag, the drag of the cluster flying in the wake
uf the payload is between 40% and 60% lower than the drag of the cluster flying in undisturbed air.
This result confirms that the payload wake was a major cause of the poor performance of the 5-ft pilot
parachute.

7,-
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Figure 9.5. Cluster of three 3.8-ft-diameter pilot parachutes

This pilot parachute cluster was used for the rest of the par e system development program.
Thirty-five flight tests (aircraft drop, rocket-boosted, and rocl boosted sled on track) were con-
ducted by Johnson and Peterson," 6 and the performance of the cluster pilot parachute system always
surpassed that of the 5-ft pilot parachute. The cluster system eliminated line sail problems at all
velocities, except at 800 KCAS, when released from an aircraft. At this highest velocity, the pilot
parachute cluster experienced a reduction in drag caused by the shock waves emanating from the
aircraft and the wake generated by the payload flying at angles of attack approaching 25 degrees. The
pilot parachutes would not stay fully inflated in this severe environment. In the absence of the aircraft
shock waves and payload angle-of-attack effects. however, the cluster provided high drag and no line
sail, as was observed in seven sled and rocket tests at velocities between 800 and 860 KCAS. Bag strip
velocities were high (400 to 450 ft/s for 660 KCAS deployments), but were unavoidable in order to
obtain orderly deployments at the 300 KCAS release conditions. The performance of the main
parachute was not compromised by these high bag strip velocities, however. No damage to the pilot
parachutes occurred on any of these tests. A detailed stress analysis was performed on the pilot
parachutes during the design using the CANO code (see Reynolds and Mullins 6 - ) in conjunction with
canopy pressure distributions measured in wind tunnels.

Pepper" a developed a 6.4-ft-diameter Kevlar/nylon parachute to recover a 130-1b reentry vehicle
nose cone (launched by a Minuteman missile from Vandenberg AFB, California) at sea near Kwajalein
Atoll in the South Pacific. Mass jettison from the payload, which occurred at 14,500 ft altitude on
reentry, was used to decelerate the reentry vehicle to subsonic speeds. Parachute deployment was then
initiated at -2100 ft altitude. Approximately 8.6 s after mass jettisonl, the lid is fired off the parachute
can by a gas generator; the lid extracts the reaction plate by means of six steel aircraft cables. The
16.in.-diameter pilot parachute bag is attached to the reaction plate by a four-leg bridle. The pilot
parachute is extracted from its bag by the reaction plate and deploys at five payload base diameters
behind the nose cone. The pilot parachute then pulls out the main bag, and the 6.4-ft-diameter
parachute is deployed (with a swivel to prevent parachute roll-up) at five payload base diameters
behind the cone. Five rocket-sled development tests of this parachute system were conducted before
the successful reentry flight test was achieved in the South Pacific.
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Buckley9 6 developed a two-stage (33-in.-diameter Kevlar ribbon first stage and 9.5-ft-diameter• nylon solid canopy second stage) parachute system to recover the guidance and telemetry sections
(80 lb) of a 5-in.-diameter ground-to-air missile. Deployment conditions were at altitudes of 1000 ft to
40,000 ft and at missile velocities up to Mach 1.5. The deployment sequence is initiated by a g-switch
that senses rocket-motor burn; a preset timer then fires an explosive bolt, which releases the Marmon
clamp that secures the rocket motor to the recovery section. At the same time, an explosive gas charge
between the motor and the parachute is fired to aid in safe rocket-motor separation. A 9-s-delay line
cutter is activated at line stretch of the firit-stage drogue parachute, which releases the lines
connecting the drogue parachute to the payload. The drogue then acts as a pilot parachute, extracting
the main parachute at a deployment velocity of -250 ft/s.

Johnson 3 7 proposed a new parachute recovery system for the 3130-lb F-111 Crew Escape Module
(CEM) to achieve a rate of descent requirement of 25 ft/s at 5000 ft altitude. His system consisted of
a cluster of three 49-ft-diameter ringslot/solid-canopy parachutes, a Kevlar deployment bag, and an
explosively fired drogue gun to deploy the pilot parachute. A parachute catapult ejected the main
parachute at a velocity of 45 ft/s. Military Specifications define the angle-of-attack range of the CEM
to be from -30 degrees to +120 degrees. In general, the parachute deployments will have a large
crosswind component and may include deployment of the parachute system into the wind. In all
conditions, it is mandatory that the pilot parachute be deployed and inflate very rapidly in order to
control the deployment of the parachute system and to minimize the line sail. Line sail occurs when
the air loads on the suspension lines cause premature breaking of the line ties and deployment of the
lines. This can result in rotation of the deployment bag and damage to the suspension lines and
parachute canopies when they are dragged over the edge of the deployment bag.

The F-111 parachute design specifications require that the parachute system be capable of
deployment at dynamic pressures varying between 10 and 300 lb/ft2. Tnis wide range of dynamic
pressures complicates the design of the pilot parachute, because a piil parachute large enough for use
at a low dynamic pressure provides too much drag at .;gh dynamic pressures and, conversely, a pilot
parachute sized for high dynamic pressure is too small for use at the low dynamic pressure. A dual
parachute svst. n (F;guee 9.6) is the baseline pilot parachute design. A 5-ft-diameter guide surface
parachute is placed inside a 10-ft-diameter circular flat parachute. The attachment of the 10-ft
parachute to the pilot parachute riser is designed to be released at a drag-force level of 2000 lb. This
is accomplished by failure of the stitch pattern, which holds the two loops to the pilot parachute riser
(see Figure 9.6). If the dynamic pressure is high enough (- 40 lb/ft2 ) to cause the 10-ft parachute to
break away, the 5-ft parachute is left inflated, ready to deploy the main parachutes. The pilot
parachutes are deployed by the drogue gun that is fired when the catapult has moved the packed
parachute recG'very system approximately 8 to 10 in. A 2-lb mass is ejected from the drogue gun at
200 ft/s and deploys the pilot parachutes canopy-first from a deployment bag located on the
aluminum endplate of the main parachute deployment bag. In summary, Johnson concludes that it
has been difficult to deploy parachute systems crosswind without excessive line sail, but that the dual
pilot parachute system should aid in minimizing the line sail problem.

10-ft-dia Circular
flat parachute

Breakaway ,

5-ft-dia Guide

surface parachute

Figure 9.6. Dual pilot parachute system for CEM recovery parachute
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9.2.3 Mortars and drogue guns

A mortar is a reliable means for imparting enough velocitv to the parachute bag to ensure its• deployment. The packed parachute (in its deployment bag) is packaged in a mortar tube between a

sabot and the aft cover. The sabot acts as a piston to propel the bag out of the tube. The sabot and
its seal shield the parachute from the hot gases generated by the propellant burning in the breech. The
propellant gases are contained between the base plate and the rapidly accelerating sabot.

Mortars are used when the performance of pilot larachutes is questionable; examples of this are
for tumbling payloads, for thrusting the main parachute through the payload's base recirculation
region, and for deployments in some extraterrestrial atmospheres. A disadvantage of using mortars
may be their heavier weight, compared to pilot parachutes, and their high reaction loads. Sometimes
a mortar is used to deploy a pilot parachute.

A drogue gun fires a drogue slug with a pilot parachute through the wake of a payload Ito uniform
airflow. The advantage is fast, reliable, and uniform parachute deployment from blunt and/or
oscillating forebodies.

Murrow and McFall97 conducted rocket and balloon tests of disk-gap-band, ringslot, and cross
parachutes with diameters of 30 to 65 ft, at a nominal deployment Mach number of 1.6 at altitudes of
122,000 to 159,000 ft, to gain experience in supersonic parachute deployments at dynamic pressures
of -10 lb/ft2. The parachutes were deployed unreefed from a 12-in.-diameter mortar at velocities
greater than 100 ft/s. After the deployment bag's mouth tie was cut, the unrestrained parachute
suspension lines were pulled from the bag as it moved away from the payload. Then the bag was
stripped from the canopy, exposing the canopy to the airstream. The mortar-type deployments were
consistent and reliable. Th, only deployment problem encountered was the damage caused by the
deployment bag's overtaking and penetrating the parachute shortly after bag stripping.

Moog et al. '46 and Gillis 3"' discuss the Viking decelerator system. This system consists of a
single-stage, mortar-deployed, 53-ft-diameter disk-gap-bard parachute. Full-scale flight tests were
conducted using a simulated Viking vehicle at Mach numbers 0.47 to 2.18 at dynamic pressures of
6.9 to 14.6 lb/ft 2. A single-stage mortar was used to eject the packed parachute from the rear of the
sp,.ecraft. The mortar, which has a volume of 2.2 ft3, is designed to eject a mass of -102 lb at
velocities near 112 ft/s. Ejected components include the parachute assembly, deployment bag, cover,
and sabot. Moog et al. concluded that parachute ejection (from mortar fire through line stretch, bag
stripping, and initial inflation) was free from significant anomalies.

Whalley9" discusses the development of the USAF B-1 Crew Module parachute recovery system.
The parachute recovery system must be capable of operating at speeds from Mach 0 to 2.3 at altitudes
from 0 to 70,000 ft. The recovery system consists of a mortar-deployed 14.2-ft-diameter conical ribbon
parachute, for initial stabilization and deceleration, and a cluster of three 69.8-ft-diameter ringsail
main parachutes to provide a terminal descent rate of 29 ft/s for the 8700-lb crew module. Main
parachute deployment is by means of two (redundant systems for increased reliability) mortar-
deployed 8.4-ft-diameter ringslot (pilot) parachutes. The drogue mortar assembly, which is -30 in.
long and 16 in. in diameter, is designed to eject a weight of 83 lb to a velocity of 83 ft/s; the pilot mortar
assembly, which is -13 in. long and 6 in. in diameter, is designed to eject a weight of 7.5 lb to a velocity
of 99 ft/s.

Pleasants9" discusses the flight qualification of mortar-actuated parachute deployment systems.
He outlines an adequate and cost-effective approach for a flight qualification program for a typical
mortar-actuated parachute system including tolerances, test conditions, test equipment, and instru-
mentation. Mortar functional tests allow evaluation of cartridge to environmental exposure, opera-
tional assessment of flight-type hardware, validation of minimum ejection velocity, and maximum
reaction load and assessment of bridle deployment.

Rodier, Thuss, and Terhune9 
10 summarize the design of the parachute system for the Galileo/

Jupiter entry probe launched from the Space Shuttle in 1989. The probe enters the hydrogen/helium
atmosphere of Jupiter at an approximate speed of 107,000 mph. Once in Jupiter's atmosphere, the
probe aerodynamically decehrates from entry velocity to approximately Mach 1, with deceleration
loads up to 400 earth-gravity g forces. An onboard g-switch initiates the deployment sequence. At
approximately Mach 1, a mortar-fired, 3.74-ft-diameter ribbon pilot parachute is deployed. After
1.25 s, three explosive nuts are fired, allowing the pilot parachute to remove the probe aft cover and

Sdeploy the 12.48-ft-diameter conical ribbon main parachute. Approximately 3 s later, the main
parachute is used to separate the forward shell of the deceleration module from the descent module.
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The descent modi'e, which is supported by the main parachute, then descends through the Jovian
atmosphere for --10 ni to gather data. Rodier, Thuss, and Terhune present sketches of the
deployment set.,,ences and the mortar and pilot parachute assemblies.

Moog, Sheppard, and Kross4 ' 2 discuss the results of Space Shuttle Solid Rocket Booster (SRB)
deceleration subsystem B-52 drop tests. The SRB decelerator system consists of an 11.5-ft-diameter
ribbon pilot parachute, a 54-ft-diam-b-r ribbon drogue parachute, ard a cluster of three 115-ft-
diameter ribbon main parachutes to decelerate the 170,000-lb SRB to an impact velocity of 85 ft/s.
Parachute deployment is initiated after SRB reentry at an altitude of 15,300 ft at Mach 0.5. A special
drop-test vehicle, designed to test this parachute system, included a different method of separating
the SRB nose cap (i.e., the use of a drogue gun rather than the thrusters used for the space flight).
After B-52 separation, a drogue gun, located on the end of the nose cap, fires a 1-lb slug at a relative
velocity of 210 ft/s. This slug deploys the 2-ft-diameter vane parachute from the bag mounted on the
nose cap cover. Three explosive bolts are then fired to allow the nose cap cover to separate, causing
the nose cap extraction parachute (reefed 10.5-ft-diameter ribbon) to deploy. After a suitable time
period, three explosivc bolts located at the nose cap base are fil id, allowing the nose cap to separate.
A bridle attached to the nose cap then deploys the 11.5-ft-diame er pilot parachute. This drogue gun
method worked well for these parachute development and demonstration flight tests.

9.2.4 Thrusted base plate

A thrusted base plate is frequently used to provide a positive method of parachute deployment.
The base plate is attached to the payload; its thrust may be either aerodynamic or pyrotechnic. The
parachute bag is usually attached with a bridle or tether line to the base plate. When the base plate
is thrusted away from the payload, it deploys the main parachute. Very strong pyrotechnic forces are
requi:ed to deploy main parachutes using this method.

Banerjee and Coppey 9"' developed an analytical method for predicting the ejection velocity at
which the SRB nose cap would separate from the Space Shuttle SRB in a reasonable time, with some
contact permitted on the exposed parachute pack. The SRB nose cap, which is 75 in. high and 67 in.
in diameter, forms the top part of the SRB nose cone; it weighs -300 lb. Banerjee and Utreja5 1 show
photographs of the SRB nose cap with the drogue parachute, bag, and bridle; they analyze t1-8
dynamics of the drogue parachute. The SRB parachute system and deployment flight conditions are
discussed in this section and by Moog, Sheppard, and Kross. 2 The SRB nose cap is ejected at a
velocity of -80 ft/s by means of three pyrotechnic thrusters. After separation, the nose cap pulls out
(by means of a tether line) the 10.5-ft-diameter pilot parachute, which in turn pulls out the
54-ft-diameter drogue parachute that subsequently deploys the cluster of three 115-ft-diameter main
parachutes. This nose cap thruster method of initiating parachute deployment has been used
successfully on many reentry-from-space flight tests for SRB recovery.

A parachute deployment system (consisting of an attachment plate, a telescopic deployment tube
assembly, a deployment plate, an explosive gas generator, and a linear-shaped charge-staging cutter)
was developed for the lifting parachute system described in Chapter 3 (see Rychnovsky 9). The
packed parachute system, which is -17 in. in diameter, is shown in Figure 9.7. The attachment plate
is inside of and fixed to the payload afterbody, and supports by cantilever the deployment tube
assembly and the two parachute systems (13-ft-diameter modified conical ribbon first stage and
38.ft-diameter ringsail second stage) packed on the tube assembly. The suspension lines of both
parachute systems were attached to the attachment plate to transmit the parachute drag loads to the
payload. The deployment plate forms the base of the parachute assembly, which contains the 13-ft
parachute packed in a deployment bag followed by an end cap and then the 38-ft parachute packed
in a deployment bag. Both parachutes are packed around the centered deployment tube assembly.

The explosive gas generator seals the forward end of the tube assembly and, when fired, generates
the proper gas pressure to propel the inner tube of the telescopic assembly (and the deployment plate)
to the rear and out the base of the payload, thereby deploying the 13-;+ parachute lines-first. The
resulting velocity at suspension line stretch of the 13-ft parachute is -80 ft/s. A plug on the inner
tube, which seals within the aft end of the outer tube, contains the hot gases and particles from the
gas generator. The shaped charge-staging cutter severs the Kevlar suspension lines of the 13-ft
parachute from the attachment plate -5 s after aircraft rel-ase of the payload. The 13-ft parachute
then extracts the 38-ft parachute deployment bag from the payload and the parachute is deployed
lines-first.
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Figure 9.7 Lifting parachute pack

Pepper'' 4  developed a 24-ft-diameter Kevlar/nylon ribbon parachute for decelerating a 760-lb
test vehicle for parachute deployment conditions of up to Mach 1.5 (dynamic pressures from 300 to
2800 Ib/ft2). Seventy flight tests were conducted to develop this parachute system; a peak deceleration
of 240 g was measured. A sketch of the parachute test vehicle and the parachute pack is shown in
Figure 9.8. The 24-ft parachute is packed around a set of telescoping aluminum tubes. A 12-point
suspension line load ring, a deployment plate, and an assembly of cutters (to stop the outer tube) are
the remaining parts of this assembly. The parachute is deployed by firing the gas generator (which
produces pressures of 9500 to 13,000 lb/in2 ) into the volume enclosed by the telescoping tubes. The
parachute reaches line stretch in -0.165 s; the parachute is deployed at a velocity relative to the
vehicle of -165 ft/s. The aft 11 in. of the tail can is separated by the shearing of six aluminum pins
during deployment by action of the pusher plate. This tail can and the parachute bag, which deploy
with the parachute, are attached to the apex of the canopy with four 9000-lb nylon straps to prevent
them from colliding with the canopy as it inflates and the system decelerates. The outer tube, about
which the parachute is packed, remains attached to the inner tube. The momentum of the outer tube
is absorbed by a system of cutters that displace metal as the tube is brought to a stop, thereby
preventing damage to the parachute. This deployment system of a thrusted telescoping tube has
provided repeatable and reliable parachute deployments for the 70 development flight tests and for
the many subsequent system flight tests.

Webb and Palm" 'i developed a two-s-'age parachute system to recover a 500-lb surveillance drone.
This consisted of a 5.6-ft-diameter first stage and a 31-ft-diameter second stage; both were ribbon
parachutes made of nylon and Kevlar and were packed under pressure. The aft parachute compart-
inent door was jettisoned to initiate parachute deployment (i.e., the door extracts the drogue
deployment bag). The drogue parachute acts for 6 s, and then the second-stage main parachute is
deployed.

K I
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Figure 9.8. Parachute test vehicle and pack

Behr9 
'a developed a parachute system for the Army's High-Speed Airdrop Container (HISAC).

The 825-lb HISAC will be aircraft-delivered from altitudes as low as 200 ft above ground level and
speeds as high as Mach 0.95. The parachute system consists of an aerodynamically thrusted tail plate,
the drogue parachute and bag, and the main parachutes and bag. The initially reefed (for 0.8 s)
8.5-ft-diameter nylon ribbon drogue parachute operates for 1.5 s and decelerates the vehicle from a
maximum dynamic pressure of 1330 lb/ft2 down to a safe dynamic pressure of -200 Ib/ft2 , where the
cluster of three T-10 (35-ft-diameter flat extended skirt) parachutes can be deployed. An air scoop
(25 in2 of frontal area) is attached to the periphery of the tail plate and oriented to the top of the
vehicle. An arming wire is pulled (after release of the vehicle from the aircraft) to release the air scoop,
allowing rotation into the free-stream. The air scoop air-loading causes the tail plate to rotate about
its base; two additional drag flaps, located on the bottom of the tail plate, are deployed after the tail
plate has rotated -15 degrees. This combined drag rotates the tail plate out of its latch mechanism
at the bottom of the vehicle. The tail plate then quickly accelerates downstream, and pulls the drogue
bag and parachute out of the vehicle. The drogue operates for 1.5 s and then separates from the vehicle
after deploying the main parachute cluster.

9.2.5 Tractor rockets

Tractor rocket deployment systems have been considered as alternates for two high-performance
parachute systems at Sandia. A tractor rocket system was studied by Johnson and Peterson"6 to
deploy the 46.3-ft-diameter ribbon parachute used to decelerate a 2465-lb payloatd released from
aircraft flying at transonic speeds and low altitudes. This tractor rocket system was studied as a
back-up deployment system for the cluster of three 3.8-ft-diameter ribbon parachutes adopted as the
baseline design. The parachute deployment dynamic pressures for this payload range from 300 to
2130 Ib/ft2. The principal disadvantage of pilot parachutes is that the rate of deployment and the
deployment loads on the main parachute are proportional to the dynamic pressure acting on the pilot
parachute. A pilot parachute that works well at high speeds may take too long to deploy the main
parachute at the low aircraft release speeds. A tractor rocket system is illustrated in Figure 9.9. The
tractor motor burned for approximately 0.4 s, with an average thrust of -2000 lb. The main parachute
is deployed by firing the rocket motor and allowing the rocket thrust to pull the main parachute
deployment bag out of the payload's aft assembly. The priripal advantage of this system is that the
deployment forces are determined by the rockets' thrust rather than by the dynamic pressure of the
deployment. Its principal disadvantages are higher cost, greater complexity, and greater weight
compared to a pilot parachute deployment system.
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Figure 9.9. Tractor rocket parachute deployment system

Feasibility of the tractor rocket system was investigated using a 22.2-ft-diameter ribbon parachute
rather than the baseline 46.3-ft-diameter main parachute. Static firings were made to determine the
thermal effects of the rocket exhaust plume on typical parachute and deployment bag materials. No
thermal damage to the materials was observed in these tests. Two static deployment tests were
conducted to demonstrate that the tractor rocket could deploy a parachute system in an orderly
manner. A 22.2-ft-diameter nylon ribbon parachute and a 24-ft-diameter nylon/Kevlar parachute
were used in these tests; no damage to the parachute materials was observed. Three flight tests of the
tractor rocket deployment system were conducted at Sandia's TTR ballistic range using the 22.2-ft
parachute and a 2200-lb test vehicle released from an A-7C aircraft. Figure 9.10 is a photograph of the
tractor rocket deploying the parachute during one of these tests. The horizontal displacement and
velocity of the tractor rocket relative to the payload are presented in Figure 9.11 for each test.

Deployment control was excellent, deployment loads were low, and there was no damage to either the
deployment bag or the parachute. A final test was conducted at Sandia's sled track to evaluate the
tractor rocket deployment of the 22.2-ft parachute when the payload was flying at an angle of attack.
The deployment was successful, with negligible suspension line sail. Johnson and Peterson demon-
strated that the tractor rocket system provided more orderly and reliable parachute deployments than
the cluster pilot parachute system for this wide range of deployment dynamic pressures. However, cost
considerations prompted the selection of the pilot parachute system for the baseline design.

I.
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Figure 9.10. Tractor rocket deployment of a 22.2-ft parachute
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Peterson et al.' 2 developed a 5-ft-diameter ribbon parachute to recover an 800-lb payload flying
at both subsonic and supersonic speeds; deployment dynamic pressures ranged from 440 to
4400 lb/ft 2. They developed two methods of parachute deployment: separable high-drag wedge fins
and a tractor rocket system. The separable 25-degree wedge fins, used in six flight tests, performed so
successfully that this technique replaced the tractor rocket as the baseline design for the deployment
system, even though the tractor rocket system performed flawlessly; again, the lower cost of the wedge
fin system was the primary consideration for this selection. Figure 9.12 is a sketch of the tractor rocket
system used for this application. The flight parachutes were packed in a two-leaf Kevlar deployment
bag. The finished pack measured 4.5 in. in diameter, was -35 in. long, and weighed -10 lb. The base
diameter of the tractor rocket measured 4.5 in. and was 9 in. long. The exhaust from eight nozzles,
canted 25 degrees from the axirI' centerline, was directed forward from near the motor base. The
tractor rocket was required to provide a differential velocity of 150 ft/s at canopy stretch (7.5 ft behind
the payload). The motor delivered a total impulse of 100 lb-s in 0.1 s. Parachute deployment was
initiated by firing the tractor rocket. Thirty milliseconds after igniting the tractor rocket, a shaped
charge was used to sever the aft section of the payload. The axial component of thrust from the tractor
rocket pulled the aft payload section away from the main payload, deploying the parachute in the
process. The results from the tm o flight tests, shown in Figure 9.13, demonstrate that the differential
velocity requirement of 150 ft/s was met. The tractor rocket was used successfully in ten flight tests
at deployment dynamic pressures between 1660 and 4470 lb/ft2; the sequence times from initiation of
deployment to canopy stretch ranged from 0.08 s to 0.13 s.

In summary, the tractor rocket deployment technique should be considered in the design of
high-performance parachute systems whenever complete control of the deployment process and
consistent deployment times are required for a wide range of deployment speeds. However, the tractor
rocket system is more costly, more complex, and heavier than other deployment systems.

Aluminum Permanent Tractor rocket
afterbody fin motori Parachute .pack

1 17

Parachute attachment/ Tractor rocket
release mechanism separation charge Ring fin

assembly

Figure 9.12. Payload with tractor rocket motor parachute deployment system
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9.3 Deployment bags

9.3.1 Background

The Parachute Design Guide2 ' and Ewing, Bixby, and Knacke 7 provide very descriptive
discussions of deployment bag designs. Widdows56 received a patent for his pioneering work in the
'50s on the design of deployment bags for high-performance parachute systems. The primary
advantages of deployment bags are (1) the drag area of the deployed parachute mass is minimized,
which reduces the snatch load; (2) the canopy is more correctly placed relative to the payload at the
start of the opening process, which reduces parachute malfunctions; and (3) friction damage to the
canopy or suspension lines from ribbon or line rubbing is reduced because of the protection afforded
by the bag and associated line ties, canopy ties, closure flaps, etc. One disadvantage is the possibility
of friction burns to the canopy or suspension line (from the bag liner) during the high-speed removal
of the parachute from the bag.

A deployment bag provides controlled, incremental, and orderly deployment of the suspension !
lines and the canopy as the bag separates from the payload. Some of its essential design features are
separate sections for the canopy and the suspension lines plus closu-e flaps locked with breakable ties
or other means of ensuring that the flap opens at line stretch. Both canopy and suspension line ties
are used for high-performance parachutes to ensure orderly deployment. Deployment bag closure
flaps are often secured closed with webbing loops that must be strong enough to stay locked during
handling, installation in the payload, and deployment, and yet open readily at the proper time near
the end of the deployment sequence. In some designs, where the inner flaps separate the line and
canopy sections, the last two bights of the suspension line bundle are inserted through the loops to
lock the canopy section of the bag. At very high speeds, the bights inserted in the loops will burn and
melt; hence, an alternative satisfactory method is to close each section of the deployment bag with a
retainer that is tied closed and is severed with cut knives. Similarly, suspension line stows are passed
through the locking loops in the closure flaps at the end of the deployment bag in order to close the
suspension line section and ensure orderly deployment.

The deployment bag design for extraction by pilot parachute or by prior-stage drogue parachute
(see Figure 9.14) must incorporate a strong bridle harness with longitudinal webbing along the bag's
exterior. This harness must be capable of transferring the extraction loads along the length of the
pack. The bag's end closure, the canopy and suspension line ties, the closure flap between bag sections,
and the bag's wall friction all work together to prevent premature dumping of the parachute from the
bag until it has been released by increasing the bridle tension, which actuates the unlocking device
(e.g., a lacing cutter). This ensures orderly payout of the suspension lines and canopy during the
stretch-out process, and the deployment bag prevents premature initiation of canopy inflation.
Complete stretch-out of both the lines and canopy is enhanced by use of a bridle attached to the apex
of the canopy and the bag, attached either permanently or with a breakaway line (vent break cord)
strong enough to give the parachute an adequate drag force. The permanently attached bridle must
be long enough to permit the bag to strip completely from the canopy and strong enough to withstand
the pilot parachute drag loads and inertial loads. The breakaway bridle attachment is often used when
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Figure 9.14. Schematic arrangement of bridle-extraction bag pack
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the deployment comes as a result of a prior-stage drogue parachute; it is also used when permanent

attachment of the deployment bag and pilot parachute to the main parachute could have an adverse
effect on the inflation or operation of the main canopy.

9.3.2 Theory

We were able to locate a few papers in the ::terature that model the effects of bag strip and line
ties on parachute deployment. Purvis discusses the effect of line ties in his computer simulation of line
sail in References 5.2 and 5.3. Toni' " developed a theory for the dynamics of bag strip for a parachute
deployment by a pilot parachute. Heinrich5 • developed a parachute snatch force theory that
incorporated the riser and suspension line disengagement impulses. He showed that the disengage-
ment impulses strongly affect the magnitude of the snatch force, which in turn affects the design of
the deployment bag. French 5' 2 developed a first-order theory for calculating the parachute/forebody
separation velocity and deployment time; he included the effects of ties on the deployment of a
pilot-parachute-extracted main parachute. Ties temporarily restrain a fold or folds of a parachute
until deployment. Ties extend the time required for deployment, and reduce the relative velocity
between the parachute and its attached forebody prior to line stretch.

9.3.3 Bag design

As was mentioned in Chapter 2, Sandia started its Low-Level Delivery (LLD) program in 1954 to
investigate the feasibility of releasing payloads at transonic speeds from aircraft flying at low altitudes
(100 to 300 ft). This was a cooperative program with the Parachute Branch at the USAF Wright Air
Development Center in Dayton, Ohio; the parachutes were fabricated and packed in an experimental
parachute shop at the USAF Air Materiel Command, Norton AFB, San Bernardino, California.
Maydew9' 4 proposed that Sandia develop a parachute laboratory to design, fabricate, and pack
high-performance parachutes for the LLD and other programs. Sandia's Parachute Laboratory was
placed in operation in 1958. Harold E. Widdows, who for several years had worked on the LLD
program in the experimental parachute shop at Norton AFB, directed the technical work in the
Parachute Laboratory from 1958 until his retirement in 1989. Under his leadership, major contribu-
tions to the technology of high.performance parachutes were made in the areas of parachute design,
layout, fabrication, packing (espf;cially pressure packs), and deployment bag design, including layout
and fabrication. One of his many technical contributions was in the design and fabrication of
heavy-duty deployment bags. These unique bag designs have been the key to Sandia's successful
development of high-performance parachutes for over 30 years. He was issued a patent (Widdows'6)
for "Parachute Deployment Control Assembly" on August 25, 1964; the concepts patented were a
summary of his deployment bag design and development work since 1954. These concepts have been
successfully used to date by Sandia for the design of high.performance parachute systems.

Pepper and Cronin 9'5 conducted four rocket-boosted sled tests to investigate the use of line ties
in controlling the snatch load while deploying a 110-lb simulated parachute pack (lines-first
deployment) at 800 ft/s using two 10,000-lb-strength, 50-ft-long nylon lines. The pack was deployed
from a cone-cylinder forebody permanently attached to the rocket sled. Cameras manufactured by
Photosonics, Inc. (operating at 400 frames per second) and a 15,000-lb-capacity load cell were
mounted on the cone cylinder to photograph the deployment and to measure the dynamic loads
(including the final snatch load), respectively. The deceleration load data from the load cell was
telemetered to a receiving station near the sled track. A 1.5-ft-diameter guide surface pilot parachute,
deployed by a small dr(,gue gun, was used to ensure drag separation of the simulated pack from the
sled at deployment. Line ties in six strengths (from 200 to 1500 lb) were located at 5- to 15-ft intervals
along the 50-ft lines; the 1500-lb line was used to tie the 30- to 50-ft-long p', -,ion of the suspension
line. The tests showed that the line ties were very effective in controlling the shock load at line stretch;
the maximum load measured was 10,000 lb.

Pepper' . ' 4' 3 developed a 24-ft-diameter Kevlar/nylon ribbon parachute to decelerate a 760-lb
payload after deployment at low supersonic speeds at low altitude. A photograph of the 9.1-in.-
diameter and 51-in.-long pack is shown in Figure 9.15. Pressure packing with a hydraulic press, along
with an electric motor bag-lacing puller, was used to achieve the high pack density of 43 lb/ft3. The
parachute and bag weighed -90 lb. Note that this two-leaf bag is fabricated of Kevlar and nylon, and
1500-lb nylon webbing is used to lace the bag together. The time sequence for deploying this 24-ft
parachute is given in Table 5.1; note that the time required to deploy this parachute (wi' . 28-ft-long
suspension lines) is only 0.15 to 0.40 s. The breaking strengths of the line ties and canopy ties are given
in Table 5.1. The line retainer consists of two 1500-lb tubular nylon webbings. The suspenoion line ties
consist of two 200-lb nylon tapes located at 15 stations in the bag. The canopy retainer (which
separates the suspension lines from the canopy) is a 1500-lb tubular nylon webbing. The canopy is tied
to the bag at three stations with two 200-lb nylon tapes each. -.
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Figure 9.15, Photograph of a 9.1-in.-diameter, 51-in..long pack

The bag is constructed of 7.25.oz nylon duck cloth and is lined with Teflon cloth to minimize
friction burning of the canopy and lines due to the high exit velocities (-'165 ft/s) of the parachute
from the bag. Woven nylon webbing, 1.72 in. wide and of 1200.1b strength, is used for longitudinal
reinforcement on the outer edge of the bag and for radial reinforcement at three stations on 'he aft
end (pointed) of the bag. Woven nylon webbing, 1.72 in. wide and of 4000-lb strength, is used for radial
reinforcement at both extreme ends of the bag. Poly(vinyl butyral).coated Kevlar webbing, 1.75 in.
wide and of 20,000.1b strength, is sewn longitudinally on the outer edge of the bag (two per panel) to
transmit the dynamic loads from the thrusting tail plate. Poly(vinyl butyral).coated Kevlar webbing,
1 in. wide and of 4000-1b strength, is sewn to the outer edge of the bag to support the lacing grommets;
one continuous Kevlar webbing is used in a zig-zag fashion, back and forth radially and longitudinally,
across the panel to support the 20 grommets on each side of the panel. This same 4000-lb Kevlar
webbing is used for the canopy tie loops on the inside of the panel at the aft end of the bag. Poly(vinyl
butyral)-coated Kevlar webbing, 1 in. wide and of 6000-lb strength, is used for the line tie loops on the
inside and on the front end of the bag.

Johnson and Pete:son36 developed a Kevlar-nylon 46.3-ft-diameter conical ribbon parachute to
retard a 2465-lb payload delivered at speeds up to 800 KOAS and at altitudes as low as 150 ft above
ground leyel. A photograph of the 46.3-ft parachute stretched out on a packing table is shown in
Figure 9.16. A photograph of the packed parachute (16.5 in. in diameter and 46 in. long) is shown in
Figure 9.17. The sequence of events during deployment of this parachute from its four-leaf
deployment bag is given in Table 5.2. Note that the bag stripping time varies from 0,4 s to 0.7 s. The
breaking strength of the line ties, canopy ties, bag lacing, and vent break cord is also given in Table
5.2. The bag lacing is made of 2000-lb braided Kevlar, which is severed with cut knives. The canopy
retainer is a 6000-lb nylon webbing, which is also severed with cut knives. There are twelve 90-lb nylon
line ties (three longitudinal stations on four panels) and a . al of eighty 500-lb nylon line ties (twenty
stations on four panels). There are sixteen 200-lb nylon canopy ties (four stations on four bag panels).
A 1000-lb nylon tape is used for the vent break cord.

The cluster of three 3.8-ft-diameter ribbon pilot parachutes is packed into an envelope-type
deployment bag (see Figure 9.18) that is attached to the main pack aft of the aluminum end cap (see
Figures 9.17 and 9.19). Because the pilot parachute cluster is deployed by an 18-in,..diameter plate
that is explosively ejected into the airstream at the payload base, the pilot parachutes can be subjected
to very high forces during high-speed deployments. To prevent premature deployment under these
conditions, the bag contains provisions f~r a vent break cord, closure flaps for the canopy compart-
meat that must be cut open, and several line ties. The pilot parachute deployment bag, which is
constructed entirely of Kevla! materials, is attached to the tail plate with six 3500-lb Kevlar lines. The
suspension lines for the pilot parachute system are attached to the end cap that forms the aft closure
of, the deployment bag for the 46.3-ft-diameter parachute.
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Figure 9.16. A 46.3-ft-diameter parachute stretched out on~ a packing table

Figure 9.17. Packed parachute
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Figure 9.18. Pilot parachute deployment bags
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Figure 9.19. Main parachute deployment bag

ghs~sionline

1-tinr



201

The deployment bag for the main parachute (Figure 9.19) consists of four identical panels
mechanically attached to an aluminum end cap. The pilot parachute loads are transferred from the
end cap to longitudinal webbings on each bag panel. The panels are constructed from Kevlar materialsfor strength, with a Teflon lining to prevent friction burning of the parachute during high-speed
deployments. Loops are placed on the inside of the bag panels for canopy ties, the canopy retainer, line

ties, and the line compartment retainer. The vent break cord in the main parachute is attached to an
eyebolt on the end cap. The line and canopy ties provide orderly deployment of both the suspension
lines and the canopy, and are designed to break during deployment. The canopy and line retainers
prevent premature failure of the canopy ties and line ties when the pilot parachute system is exerting
high accelerations to the main parachute system. Both of the retainers are cut out during the liormal
deployment sequence. The four deployment bag panels are provided with reinforced grommet strips
used to lace the bag panels together. The lacing reduces the diameter of the assembly during the
packing operation; the system is pressure-packed with a hydraulic press.

The bag is constructed of 3-oz/yd Kevlar cloth and lined with Teflon cloth. The canopy tie loops,
line tie loops, canopy retainer loops, and line retainer loops (on the inside of each panel) are made of

1-in.-wide, 6000-lb Kevlar webbing. Two 1.75.in.-wide, 20,000-lb Kevlar webbings are sewn longitu-
dinally to the outside of each panel to transfer the pilot parachute Pltut er loads to the main parachute
bag. The 18 lacing grommets along each side of the four panels are a~tached radially to the outside of
the panels with 1.75.in.-wide, 4000-lb Kevlar webbings. The front of each bag panel (near the
endplate) is radially reinforced with 1.75-in..wide, 10,000-lb Kovlar webbing. Similarly, the aft section
of each bag panel is radially reinforced with 1.75-in.-wide, 4000-lb Kevlar webbing. A 1-in.-wide,
10,000-lb Kevlar webbing along the centerline of each panel longitudinally reinforces each panel.

In summary, both of these heavy-duty deployment bags (for the 24. and 46.3-ft-diameter
parachutes) have been successfully used in dozens of flight tests, spanning a wide range of deployment
dynamic pressures at deployment speeds up to low supersonic. The information presented in this
chaptor on deployment methods and deployment bags should provide the designer of a high-
performance parachute system with sufficient data for a preliminary design. More detailed informa-
tion is available, of course, from each of the references cited. The authors wish to emphasize again that
the design of the deployment system is just as important as the design of the parachute, if repeatable,
reliable operation of high-performance parachutes is to be achieved.
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* CHAPTER 10

ANCILLARY DEVICES, PARACHUTE FABRICATION, AND PACKING

10.1 Ancillary devices

10.1.1 Reefing line cutters

Parachute reefing may be required for parachute systems that are deployed at high dynamic
pressures to control the opening-shock loads and to provide successive parachute drag areas. This will
maximize performance of the parachute system while minimizing the parachute's weight and packed
volume. Reefing is discussed in Section 4.2.7, and Knacke1 ' provides a thorough discussion of reefing
methods and techniques for calculating reefed parachute drag areas. This section describes the
hardware used to cut the reefing line at the precise time during the inflation process such that the
purpose of parachute reefing is accomplished.

The Parachute Design Guide 2' and Ewing, Bixby, and Knacke" 7 discuss reefing line cutters and
illustrate their operation with sketches and photographs. Barlog'" provides an excellent description
of the components used to reef a parachute. They consist of the reefing line, reefing rings, the reefing
line cutter, and the cutter pocket or some other means for mounting the cutter to the parachute
system. The reefing line cutter is generally a pyrochemical device with mechanical or electrical
actuation. Mechanical actuators are activated by pulling an actuator to fire the cutter directly or to
begin the timer mechanism. Energy to operate the cutter is normally obtained by attaching a line to
the actuator and the other end to the suspension line. When the portion of the suspension line with
the actuator line is deployed, the actuator is pulled from the reefing line cutter. Actuation of the
initiation mechanism results in work energy being imparted to the pyrochemicas cartridge of the
cutter. The cartridge contains a propellant material that generates a high.pressure gas within the
confines of the assembly. The gas pressure forces the cutter blade to pass through the cutter aperture,
cutting the reefing line and allowing the canopy to inflate to the next reefed diameter or to its
full-open diametar.

Pyrotechnic reefing line cutters have a high energy level and a favorable weight-to-volume ratio.
Barlog ioI provides detailed design information and sketches of the initiation mechanisms, the
cartridges, and the cutter assemblies for the Mercury-Gemini, Apollo, and Space Shuttle SRB para-
chute recovery systems.

The Parachute Design Guide2.1 offers suggestions on the detailed design of reefing line cutters.
Ewing, Bixby, and Knacke 1. report that reefing line cutters are available in a variety of sizes and delay
times. Line cutters are usually fabricated of anodized aluminum or stainless steel, with the
pyrotechnic elements hermetically sealed. Steel bodies are recommended if dense pressure packing of
the parachute is anticipated. Pyrotechnic time delays of up to 30 s and a tolerance of ± 10% at
standard temperatures are typical, but the accuracy may vary by as much as ±25% over a wide
temperature range. Figure 10.1 is a photograph of reefing line cutters in use at Sandia and elsewhere
in 1968.

The Parachute Design Guide2"  describes the USAF MC-1 reefing line cutter. It had been
standardized for operation in systems using heavy-duty nylon reefing lines with a tensile strength of
up to 14,000 lb. A Type T-2 explosive actuator and a time delay powder train are used to actuate and
govern the cutting sequence. The reefing line is cut with a knife propelled by the powder charge, and
the device is actuated by the removal of an arming wire. This device can be reused simply by changing
the time delay powder train; however, the barrel of the cutter should be cleaned of all residue before
it is reused, to ensure free travel of the knife. Time delays are available for intervals of 0.75, 1, 2, 4,
6, 8, and 10 s.

The MC-I cutter was used extensively by Sandia and the U.S. Air Force before 1968 for disreefing
high-performance ribbon parachutes. However, repeated use in dense packs (sometimes to the density
of oak) resulted in such deformation and damage to the cutter that it would not operate. The smaller
and lighter weight Ordnance Associates cutter was also used, but the thin-walled tube would deform
during pressure packing, which degraded the reliability. Hence, the Half-Moon cutter (on the right in
the photograph in Figure 10.1) was developed and patented by Gallagher'0 2 to better withstand the
pressure packing loads. It was also easier to attach the lighter weight Half-Moon cutter securely to the
canopy to ensure that it would stay attached during the snatch-loading of the parachute system. The

II ~~!
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Half-Moon cutter was extensively tested with time delays of 0.5 s, the application to cut the 9000-lb
reefing line in the 22.2-ft-diameter parachute described by Maydew and Johnson. 3'

Pepper, Bradley, and Jacoby'0 3 developed a reefing line cutter incorporating an RC circuit
electronic time delay. This reefing line cutter (Figure 10.2) consists of the housing, anvil, cutter blade,
shear screw, Atlas mechanical actuator, actuator adapter, spacer washer, thermal battery, squib, and
electronic time delay. The housing design is similar to the Half-Moon cutter designed by Gallagher.
The cutter was designed for time delays of up to 10 s (the time delay can be changed by changing the
resistance of the RC circuit). The cutter was designed to improve upon the ± 20% accuracy of the time
delay of the pyrotechnic cutter. The ground environmental tests and the flight tests indicated that the
electronic timer was accurate to ± 2.5 % of the 0.45-s time delay over a temperature range of -650 F
to +160°F. In addition, its reliability was >0.99 and estimated storage life was >10 years.

Craig3 ' developed a pyrotechnic-actuated reefing line cutter which, in response to an electrical
firing signal, severs a nylon or Kevlar reefing line. A programmable time-delayed firing signal was
provided by means of an interconnecting cable, which is attached to one of the suspension lines of

W14 ,'

Figure 10.1. Reefing line cutters: MC-1, Ordnance Associates, and
Sandia Half-Moon

W _w

Figure 10.2. Electronic time delay reefing line cutter
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the parachute and terminates in a molded plastic connector attached to the cutter assembly (Figures
10.3a and 10.3b). The cutter is roughly 4 in. wide and 8 in. long. Development test data show that the
cutter is more than adequately designed to cut 12,000-lb nylon webbing or 13,500-lb Kevlar webbing
over a temperature range of -60*C to +90 0 C. This cutter has been used for many development and
system flight tests for the 24-ft-diameter parachute described by Pepper' 1 and has proved to be very
reliable. However, this electrically initiated cutter is much more expensive than a pyrotechnic time

Sdelay cutter.

Centering spacers for Kevlar reefing line
Serpin

Cutter blade
Actuator assembly

Reefing line

Titanium subhydride/potassium perchlorate
Actuator assembly

Electrical contacts

Figure 10.3a. Reefing line cutter

~Mating cable

Reefing line cutter /Gasket

Figure 10.3b. Reefing line cutter and cable assembly

Craig' 4 developed a pyrotechnic propellant-actuated reefing line cutter to sever a 13,500-lb
Kevlar parachute reefing line. Disreefing occurs at 0.85 s after deployment initiation. Timing is
provided by an electronic timer module that is an integral part of the cutter. Other design features
(Figure 10.4) include a hermetically sealed actuator that is threaded and O-ring-sealed into the body;
a stainless-steel solid cylindrical cutter blade with an attached elastomer obturator (which provides a
reliable dynamic gas seal throughout the blade stroke); and semicircular Teflon inserts that center and
shroud the reefing line webbing during the blade stroke. The average function time for the cutter
varies <4% over temperature extremes of -55*C and +80*C. The cutter described by Craig ' was
used as the starting point for the design of this cutter. The same type of explosive was used to propel
the same type of knife through the 13,500-lb Kevlar reefing line.

Later during the development of this cutter, the method of cutting the reefing line was changed
from an explosively driven knife to a knife actuated by a pyrotechnic propellant. During the
development, an attempt was made to control the manufacturing costs by using aluminum for the
housing (rather than steel) and reducing the required machining to a minimum. This resulted in a
weight of only 1.97 lb for the aluminum cutter.
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Cable assembly

i Shear pin

i Anvil plug,
Anvl pugThermal battery

Webbing/guide shroud Cable cutter

Kevlar webbing

Timing module By
Blade / Pyrotechnic propellant

Mounting clamp actuator

Figure 10.4. Reefing line cutter

Failure of the suspension lines that carried the reefing line cutters occurred on some flight tests.
Changing the method of attaching the cutter to the suspension line/skirt band joint minimized those
failures. A photograph of the reefing line cutter installation is shown in Figure 10.5. This cutter was
used in the development and system tests of the 46.3-ft-diameter parachute described by Johnson and
Peterson. " Extensive ground and flight tests bp.ve proved the reliability and repeatability of this
cutter, even for pack densities of 40 lb/ft . As might be expected, this cutter is much more expensive
than a pyrotechnic time delay cutter.

At Sandia, Massis has developed a pyrotechnic time delay cutter with lower temperature
sensitivity than was observed in previous pyrotechnic timers. This desig. is currently being used on
systems at Sandia because it has the desirable features of low weight, high reliability and repeatabil-
ity, and low cost (compared to the electronic timing cutters). A sketch of this state-of-the-art cutter
is shown in Figure 10.6. A considerable number of ground and flight tests have been successfully
conducted with this cutter.

4!

Figure 10.5. Reefing line threaded through cutter and reefing rings

_ l
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Explosive delay
cartridge assembly

HuigShear pin Cap• ~ ~~Firing pin- x / a

assembly - Reefing f-
_ line 1.0 in

"Anvil

Firing Knife L 1.06
pin guide blade in.

4.92 in. Cap screws

Figure 10.6. Pyrotechnic time delay reefing line cutter

10.1.2 Cut knives

The Parachute Design Guide 2 and Ewing, Bixby, and Knacke1
.
7 discuss the use of cut knives in

the packing of multiple-canopy decelerator systems to release ties and holding tapes and webbings at
the appropriate point in the deployment process so as to provide controlled sequential deployment.
Tables 5.1 and 5.2 describe how cut knives are used to cut bag lacing, suspension line retainer web-
bing, and canopy retainer webbing in the deployment bag to ensure orderly deployment of high-
performance parachute systems. This is also discussed in the context of deployment bag design in
Section 9.3.

A photograph of a typical cut knife installation is shown in Figure 10.7. These cut knives cut the
bag lacing for the three 3.8-ft-diameter pilot parachutes used to deploy the 46.3-ft-diameter parachute
described by Johnson and Peterson." 6 Note that the cut knives are attached to the suspension lines
and are activated to cut as the suspension lines become taut during the lines-first deployment. Cut
knives are used in a similar fashion to cut the bag lacing, suspension line retainer, and canopy retainer
for the 46.3-ft-diameter parachute (see Table 5.2). This very reliable cut knife technique (which
requires quality control in the packing procedure) has been used for many years on many different
systems at Sandia to help ensure orderly deployment of high-performance parachute systems.

Figure 10.7. Cut knives installed and laced for three 3.8-ft-diamete-
pilot parachutes in bag

10.1.3 Flotation bags and location aids

Overwater recovery of rocket and other payloads requires the careful design of a flotation bag
(integrated with the parachute design) and the associated location aids. The Parachute Design
Guide" and Ewing, Bixby, and Knacke' 7 provide general guidelines on the design of flotation- bags
and the associated equipment. The flotation bags discussed in this section, however, will be those
developed by Sandia since 1963 for the overwater recovery of rocket payloads. They have been used

*to recover dozens of payloads, weighing up to 1000 lb, from rocket apogees of up to two million feet.
Design information on these systems is given by Holt' and Johnson."' .. .
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Holt 124 discusses the design, development, and testing of a ram-air-inflated flotation device
originally conceived at Sandia. A common means of providing auxiliary flotation is to use inflatable
fabric structures using construction techniques for fabricating life rafts and marker buoys. These
structures are usually inflated by compressed carbon dioxide or nitrogen. For small payloads, however,
the gas bottle and valve were found to constitute a large part of the total recovery system weight and
volume. Holt proposed to use the ram-air passing through the parachute vent to inflate the flotation
bag in order to save recovery system weight and volume. The cylindrical bag would fill with air and
then the weight of the payload would hold the open end under water, thereby trapping the air in the
bag.

The initial design is shown in Figure 10.8. The flotation bag is attached by nylon webbings (which
run the length of the bag) to the vent of the guide surface parachute. All seams were made with a
self-curing rubber cement. An elastic skirt was added at the base of the bag to help keep the bag
inflated when the load on the parachute was relieved. Also added was a nylon funnel to direct the
airflow from the parachute vent into the flotation bag. Two bags of different length-to-diameter ratios I
were tested; both had a volume of -3 ft3 . Aircraft drop tests and rocket flight tests demonstrated the
feasibility of this ram-air bag concept when used in conjunction with the C0 2-inflated flotation bag.
Holt reported a 20% saving in weight and volume in the recovery of 150-lb payloads with this ram-air
system.

Radio antenna

Ram-air-inflated bag

C02 -inflated body

Nylon funnel

Radio beacon and battery
Guide surface canopy

Figure 10.8, Operational recovery system

Johnson 35o,3. 1'o6 subsequently describes the early evolution of overwater recovery systems for
high-altitude sounding rockets at Sandia. The original requirement for a recovery system was that it
retrieve (from the sea) 9-in.-diameter payloads ,veighing 150 lb in air (90 lb in water) after descent
from a rocket apogee of IX 10 ft. The payloads viere required to float for at least 24 hours in a heavy
sea, and have location equipment included as part of the recovery system,

The recovery system developed to satisfy these requirements is shown in Figure 10.9. The payload
is separated from the rocket booster at high altitude and forced to enter a flat spin (by passive control
of the center of gravity), which produces high drag. After deceleration of the payload in the flat spin,
the recovery sequence is initiated by a baroswitch closure, which fires a pressure cartridge and ejects
the rear cover of the payload. The baroswitch is normally set to operate at 15,000 ft altitude, but it has
been set to operate as low as 5000 ft altitude. A 3-ft-diameter ribless guide surface parachute was
initially used to stabilize the payload and provide enough deceleration so that the main recovery
system could be deployed without damage. Upon deployment of the 3-ft parachute by the ejected
covwr, two 10-s time delay bridle cutters are initiated. After the 10-s delay, either cutter will cut the
load iridle and release the 3-ft parachute, which then deploys the main recovery system from a
deployment bag. The main recovery parachute is F 6-ft-diameter ribless guide surface parachute.

-n n4
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ii Antenna

Beacon transmitter Lifting loops

Ram-air bag (3.5 ft3)

-- ,,,,C02 bag (2 ft)

Air direction cone C02 bot )

Beacon power supply
and salt-water switch 6-ft Guide surface

parachute

Swivel

4-leg Bridle

9-in.-dia Payload

Figure 10.9. The 9-in.-diameter payload recovery system

The flotation bags, air direction cone, and pockets for the C02 bottle and locator beacon were
attached as shown in Figure 10.9. The complete recovery system weighed 14 lb, occupied 700 in3 of
payload volume, and fitted into the 9-in.-diameter payload. Johnson1 ' 6 discusses the development
program to reduce the weight and voluvip of the locator beacon (transmitter and power supplies) and
the C02 bottles and valves. At Sandia's test ranges on Kauai, Hawaii, and on Johnston Atoll, nine
successful rocket flights demonstrated the feasibility of this recovery system.

Johnson 3
.
5

1 used the same concept to develop ao overwater recovery system for 12- to 13-in.-
diameter payloads weighing up to 275 lb (170 lb in water) with a redundant flotation capability. This
system used an 8-ft-diameter guide surface parachute, a 3.5-ft3 C02 bag, and a 7-ft3 ram-air bag. The
recovery system weighed 17 lb and occupied 1140 in 3 of payload volume.

Recovery of payloads weighing up to 275 lb in air and up to 170 lb in water soon became
mandatory. With the advent of larger-diameter payloads and the sealing of large sections of the
payload, there arose the possibility that some payloads would float. The recovery system was required
to provide a dual flotation capability for payloads that would not float. Water tank tests of the
recovery systems with the cylindrical flotation bags showed that the bags would lie flat in the water.
Since the locator beacon transmitter and antenna were mounted on the end of the bag, the antenna
would be horizontal, resulting in a poor antenna pattern for an aircraft search. A.so, any sea action
would cause the antenna to be under the water at least part of the time. Therefore, development was
started on a spherical flotation bag (Figure 10.10), which would provide a more satisfactory mounting
position for the locator beacon transmitter and antenna.

The ram-air bag is sewn to the vent of the 8-ft-diameter parachute, and the C02 bag is tied to the
top inside of the ram-air bag. Water-tank tests showed that the ram-air bag and beacon antenna
remained nearly vertical as a result of the weight of the wet parachute, the CO bottle, and the beacon
power supply. Tests conducted in the open ocean with a floating payload showed similar results, and
even if the flotation bag assembly is completely inverted it will right itself with the antenna within
30 degrees of vertical. In tests conducted with nonfloating payloads, the spherical ram-air bag retained
nearly 100% of its air volume after water impact, compared to about 80% for the cylindrical bags.
This recovery system weighs 14 lb and occupies 700 in 3 of payload volume. It replaced the two
cylindrical ram-air bag systems described earlier for all of the rocket payload recoveries at Sandia.
Figure 10.11 is a photograph of a recovered payload being towed back to land, and Figure 10.12 is a
photograph of a typical payload after recovery.
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"0 Beacon transmitter

Antenna Handling loops

Ram-air bag (7 ft3) C02 bag (3.5 ft)

Beacon power supply C02 bottle
and salt-water switch

8-ft Guide surface
parachute/I

I

Swivel

. 4-leg Bridle

Payload

Figure 10.10. Universal recovery system

77

Figure 10.11. Recovered payload being towed back to land
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171

Figure 10.12. Typical payload after sea recovery

Johnson 3 ' discusses the development of systems to recover rocket payloads weighing 50 to
1000 lb. Table 10.1 summarizes the six different recovery systems used for overwater rocket flights.
The recovery system weights do not include any part of the payload structure or the heat
shield/deployment device because these weights vary from payload to payload; however, they do
include the location aids such as strobe light and RF transmitter. The recovery system weight is
plotted as a function of payload weight in Figure 10.13 for these six systems. The latest recovery
systems retain the concept of flotation bag redundancy but do not use the C02 bag. A one-way valve
is inserted in the mouth of the ram-air-inflated flotation bag to prevent the air from escaping (Fig.
ure 10.14). The material above the anti-inversion straps is unsupported and constructed to lie flat.
When the pressure inside the bag exceeds the pressure outside (no inward flow), the valve collapses
to its flat condition and seals the inlet to the bag. In addition to the valve, a divider is included that
separates the flotation bag into two compartments. This retains the redundant flotation capability.
Generally, the flotation equipment is sized so that half of the bag will float the payload with a
buoyancy margin of 1.5. Elimination of the C02 bottle and plumbing greatly increased the packing
efficiency of the recovery systems and reduced the weight.

Table 10.1. Recovery System Parameters

Min. First- Second- Flotation Bag

Date, Max. Buoyant Max. Stage Stage Volume Packed System
First Payload Force Impact Chute Chute Ram-Air C Volume Weight

System Flight Weight Req'd Vel. Dia. Dia. 3 C3
Config. Test (!b) (lb) (ft/s) (ft) (ft) (it) (ft') (in') (lb)

Mods 1, 7/67 275 150 80 3.5* 8* 7 3.5 900 16
2, 2.1

Mod 3 6/69 500 225 70 4* 12* 14 7 1420 27
Mod 4 10/71 375 170 60 4* 12* 7 3.5 1190 23
Mod 5 8/70 125 75 70 2* 6* 3.5 - 470 8
Mod 6 11/71 200 125 75 3* 7* 5.8 - 500 9.5
Mod 7 10/72 1000 750 50 8t 241 35 - 2400 40

Note: The terrain for all systems is water.
* Ribless guide surface
t Conical ribbon
t Personnel guide surface
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Figure 10.13. Recovery system weight vs. payload weight for Sandia's
overwater recovery systems

Anti.inversion strap

"<,,. _, ,.y\Divider
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Section A-A

Figure 10.14, Inlet valve of a ram-air-inflated flotation bag

The recovery aids are shown in Figure 10.15. The RF transmitter is designed to operate from a
power source of 3 to 10 V. The transmitter is modulated to have an easily identified audio signal.
Normally, the transmitter is mounted on top of the flotation bag, which also has a four-wire-ground
plane. The antenna is constructed from three sections of steel measuring tape, which is easy to stow
when the recovery system is packed. Experience shows the output power of the transmitter to be
completely adequate. Most difficulties in airborne electronic searches generally arise as a result of
marginal receiving and direction-finding equipment. The strobe light used a xenon flash tube, which
is flashed 90 times per minute with 20 joules released per flash. The output of this tube has been
adequate for night searches but marginal for use during daylight hours.

The battery module will operate either the transmitter or the strobe light. It contains four AA-size
alkaline cells nominally rated at 1.5 V per cell and a magnetically controlled reed switch that actuates
the location aids. When the recovery system is deployed, a small magnet is pulled from the battery
module and the reed switch is allowed to close. The 6.25-V battery module will operate the transmitter
for several days at gradually decreasing power output. Tests have shown that the battery voltage is
still greater than 5 V after 24 hours of operation. The battery module will operate the strobe light in
excess of 30 hours.

In summary, these versatile recovery systems have been used to recover many types of rocket
payloads since 1963. Their overall reliability is greatly influenced by the reliability of the electrical-
mechanical deployment components. Expensive onboard cameras, instruments, attitude control
systems, and telemetry equipment have been recovered with these systems in dozens of rocket flights.
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Figure 10.15. Location aids and battery module

10.2 Fabrication and pauking

10.2.1 Parachute drawings and fabrication

The Parachute Design Guide - ' and Ewing, Bixby, and Knacke' 7 discuss fabrication procedures
of textile parachutes. Ewing, Bixby, and Knacke provide an excellent discussion of general fabrication
methods, including sections on layout, marking, cutting, machine stitching, strengths of joints and
seams, types of stitches, stitches per inch, thread tension, and seam or stitching type. They also
discuss construction details such as cloth strictural elements, seams and hems, stitch patterns, line
connections, skirt attachments, line splicing, and riser attachments. Finally, they review factory
eqt.I'ment, including patterns, cutting knives, line marking fixtures, sewing machines, and inspection
tables.

Other selected references are "Sewing Machines, Industrial . "Stitches, Seams and
Stitching, 0o8 Ronquillo,"OD.1O10 Rychnovsky, 3.2o Johnson,3. Tubis,"'0 and Waye.3 .

7 Sewing ma-
chines suitable for the production of parachutes are governed by the requirements of Reference 10.7.
In some cases, standard industrial sewing machines may be modified to better perform a specific
sewing operation. The use of multiple-needle (2, 3, or 4) sewing machines is common practice for such
operations as main seams, radial and vertical tapes, as well as for skirt and vent bands. Reference 10.8,
"Stitches, Seams and Stitchings" (1965 and 1977), is the Federal Standard used in parachute
fabrication.

Unlike mechanical drawings, which are controlled by conventions established over many years,
there are no comprehensive rules or standardized practices for textile drawings. To fill this need,
Ronquillo °' 9 developed procedures for the formation and interpretation of textile drawings for the
manufacture of parachute systams. He combined the conventions used for mechanical drawings with
the special textile drawing requirements to develop a method for making comprehensible parachute
drawings. He developed drawing conventions, illustrated views or sections on separate sheets,
provided examples of textile drawings, and provided a complete glossary of paeachute terms.
Ronquillo' 0 '0 reported on the continuation of this work and discussed the parachute drawing
standards currently in use at Sandia. His method adopt, some of the basic, standardized, and
conventional drawing practices used in making mechanical drawings and introduces new drafting
techniques unique to parachute drawings. These drawing techniques are being used by others in the
parachute industry. The Naval Surface Weapons Center is preparing standards for parachute and
textile drawings in the U.S. using Ronquillo's work and inputs from other pvernment parachute users
and private industry.

Rychnovsky '2 ° developed stringent fabrication and quality assurance procedures to ensure the
symmetrical manufacture of lifting parachutes. Wind tunnel and flight tests had shown that the forces
generated by high-dynamic-pressure deployment of a lifting parachute create unacceptably high roll
moments unless the parachute is very symmetrical. The symmetry of the 13-ft-diameter lifting ribbon

1' parachute (see Chapter 3) is controlled by the accuracy of t'e position and the alignment of the
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horizontal, vertical, and radial ribbons. This parachute has 744 intersections of the horizontals and
radials and over 1000 intersections of the horizontals and verticals. Rychnovsky developed a pattern
for fabrication that accurately marks all parts of the canopy before assembly. Using accurate marking
templates, the horizofitals, radials, and verticals are marked on both sides of all intersections, under
tension. The system he deve!oped is based on computer-generated marking patterns for each part of
a typical gore. The most difficult part of the parachute to fabricate was the intersection of the
verticals, radials, and horizontals. Positioning And aligning the materials in this area was difficult, as
was the sewing without distortion, because of the bulk material involved.

Johnson3 5 invented the "mini-radial," with tapes for stabilizing the horizontal ribbons that
terminate at a horizontal ribbon away from the radial (see Figure 3.2). Johnson developed procedures
for accurately marking and fabricating parachutes with mini-radials. Because the mini-radials are
perpendicular to the horizontal ribbons, the computations and the markings are simplified. Fabrica-
tion was greatly simplified because mini-radials reduced the three-ribbon intersecting joint to a
two-ribbon intersection (horizontals and radials), which is much easier to fabricate. Johnson's
all-radial construction for continuous ribbon parachutes represents a major breakthrough in the
design and fabrication of high-performance canopies. This construction was described in detail in
Chapter 3. A fixture is useful in assembling the parachute. The horizontals were placed across the
fixture and the full radials and mini-radials along the fixture for attachment in their proper
relationship to each other.

Tubis'0 ' investigated alternate textile joining methods to replace sewn joints in parachute
fabrication. He contacted over fifty adhesives companies and selected seven solvent-based adhesives
and four hot-melt adhesives for his study. Testing of peel strength, shear strength, and seam flexibility
of the adhesives on MIL-C-7020 Type-II nylon cloth revealed that the N-OO hot-melt adhesive
(supplied by General Fabric Fusing, Inc., of Cincinnati, Ohio) was the most promising candidate. The
seam efficiencies were >100% and the peel strength was >17.5 lb/in. Ten N-O0 hot-melt adhesive
seams were placed in each of eight 26-ft-diameter conical parachute canopies and tested on a whirl
tower at deployment speeds of 175, 225, and 27. knots. These tests showc.d that the N-O0 hot-melt
adhesive was as good as the sewn joints, ant possibly better.

Waye 3'7 developed an interactive computer code to aid in the design of conical ribbon parachutes.
The program was written to include single conical and polyconical parachutes. The code determines
the pattern length, vent diameter, radial length, ribbon top and bottom lengths, and geometric local
and average porosity for the designer with inputs of constructed diameter, ribbon widths, ribbon
spacings, radial width, and number of gores. The gores are designed with one mini-radial in the center
with an option for the addition of two outer mini-radials. The code output provides all of the
dimensions necessary for the construction of the parachute. The program will aid the designer in
developing and comparing parachute parametric configurations quickly and easily. Waye provides a
sample design (with code inputs and outputs) for a 5.2-ft-diameter, 20-degree conical ribbon
parachute.

10.2.2 Packing

The Parachute Design Guide 2' and Ewing, Bixby, and Knacke '7 briefly describe parachute
packing. Ewing, Bixby, and Knacke discuss inspection (light) tables, packing tables, parachute
tensioning devices, canvas stowage bins (on wheels), packing tools, and packing presses. Packing
tables, used to extend and fold parachutes for final packing into deployment bags, must be adequately
wide, long, and smooth. The working surface is finished smoothly and is free of any defects that could
cause snagging or could pull the threads of fine fabrics. Physical characteristics of the table will vary
with usage requirements. Typical packing tables stand about 30 to 36 in. high. Table minimum width
and length depend on the type parachute being packed, the length being at least equal to the stretched
length of the pleated canopy portion, suspension lines, and risers. A typical packing table for rigging
personnel parachutes is 3 ft wide and 40 to 45 ft long. A table as wide as 6 ft ai d well over 100 ft long
is used for packing large cargo or aerospace vehicle recovery parachutes.

Figure 9.16 shows a 46.3-ft-diameter nylon/Kevlar ribbon parachute stretched out on packing
tables in the Sandia Parachute Laboratory. These tables are 3 ft high, 4 ft and 6 ft wide, and i0 ft long;
ten are used end-to-end to provide a 100-ft overall length for packing large parachutes. The canopy
is laid out on the 6-ft-wide tables and th suspension lines on the 4-ft-wide tables. Figure 10.16 is a
photograph of part of the Sandia Paracbae Laboratory illustrating he flotation bag fabrication (near
table) ane layout for packing a nylon/Kevlar ribbon parachuto (far table), as wdll as portable sewing
machines and other equipment. A prime requirement in a parachute laboratory is excellent artificial
lighting. The lighting level in the Sandia Parachute Laboratory is approximately 75 footcandles.
Photographs of ' ydraulic presses used for pressure packing are shown in Figure 10.17. Ij

I -
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Figure 10.16. Sandia Parachute Laboratory

Figure 10.17. Hydraulic presses used for pressure packing
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A USAF Technical Manual' 12 provides complete and detailed instructions for the packing of the
F-111 Crew Module parachute recovery system, which consists of a 70-ft-diameter ringsail nylon main
parachute and a 6-ft-diameter vane nylon pilot parachute. The parachute pack weighs 116 lb and the
packing density is 48.4 lb/ft2 .The packed dimensions are 13.8 in. thick, 15.1 in. wide, and 33.0 in. long.
The parachute/bag pressure packing requires twelve separate installations of the bag in the hydraulic
press, with pressures of up to 2000 lb/in2 being applied.

Sandia engineers have developed complete instructions for packing a prototype cluster of three
49-ft-diameter parachutes in the F-111 Crew Escape Module (see Johnson' 37). Although this
parachute system is not used on the F-111, its packing procedures are discussed here as an example
of the steps included in the packing process. The recoverg parachute assembly consists of a
5-ft-diameter guide surface pilot parachute coupled to a 10-ft-diameter flat conical pilot parachute, a
5-ft-diameter vent control parachute, and three 49-ft-diameter main parachutes. The main and vent
control parachutes are packed in the main parachute deployment bag, and the dual pilot parachutes
are packed in the pilot parachute bag. A main riser is attached to the main parachute cluster bridle,
which is packed within the main parachute deployment bag.

The packing procedures listed below for this prototype cluster are an indication of the many
critical steps that need to be taken in the packing of a high-performance parachute system. Obviously,
not every step in the list is needed for all parachute systems. However, the omission of any step or the
failure to follow each procedure carefully can lead to the destruction of the parachute, even when the
parachute has adequate structural design strength. The packing procedures must be rigorously
followed in the order specified so as to obtain high reliability during parachuite deployment.

* Requirements
" Packing facilities and equipment
* Materials
" Packing team
" Recovery parachute assembly components and hardware
" Forms and records
* Packing notes
* Assembling deployment bag
* Preparation for packing, left main parachute
" Straightening suspension lines
* Stacking of canopy gores, left parachute
" Installing reefing lines
" Preparation for packing, right main parachute
" Preparation for packing, top main parachute
" Installation of deployment line
" Installation of sequence line
* Installation of reefing line cutters
" Installation of line ties
" Temporary skirt ties, parachute skirt
* Installation of vent control parachute
* Packing parachutes into deployment bag
" Load bridle attachment
• Stow'ing the suspension lines
" Stowing the load bridle
" a1ing the deployment bag

These procedures are carefully developed by the parachute laboratory technician and the
parachute design engineer based on trial-and-error experience in packing prototypes for evaluation by
flight test during the parachute development process. It is very important to carefully specify every
packing detail, including extensive use of photographs (color is recommended for nylon/Kevlar
parachutes) to illustrate examples, for use by production packers who may lack experience in packing
prototype parachutes. In addition, Sandia routinely trains production packers in their production
parachute packing facility, and certifies that the production team can pack parachutes of the quality
required for high reliability during deployment. This training and certification is required before
parachutes are packed for production usage.
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Widdows ° '"3 provides packing and installation instructions for Sandia's rocket payload recovery
system. This report presents the complete procedural packing techniques, a listing of packing facilities
and equipment needed, records to be maintained, and inspection requirements. There are 105
separate instructions, illustrated with 51 photographs, in the packing procedures for the 8-ft-diameter
ribbon first-stage parachute and the 24-ft-diameter second-stage parachute with ram-air bag. The
parachute assembly installation requires 25 separate instructions, illustrated with eight photographs.

Johnson and Peterson"' describe a 46.3-ft-diameter conical ribbon parachute used for the
high-speed, low-altitude delivery of a 2465-lb payload., Figure 9.16 shows this parachute laid out on the
packing table. The four-leaf deployment bag is shown ir Figure 9.19, with callouts showing canopy
ties, line ties, etc. Figure 10.18 illustrates the reefing line cutter installation and Figure 10.5 shows the
reefing line threaded through the reefing rings and the cutter. Figure 10.19 illustrates the skirt ties and
how the gores are placed into four groups, and Figure 10.20 shows the bag laces being tightened in the
lacing machine. In Figure 10.21, the packed parachute is being shaped in the hydraulic press, and in
Figure 10.22 it is being gauged for diameter. A photograph of the final packed parachute system is
shown in Figure 9.17.

iC7
Figure 10.18. Reefing line cutter installation

(4•

Figure 10.19. Skirt/line bundle ties 4
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Figure 10.20. Lacing is tightened in lacing machine

Figure 10.21. Parachute in shaping fixture on press
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Figure 10.22. Size gauging of packed 46.3-ft-diameter parachute

10.2.3 Reliability

The Parachute Design Guide2" and Ewing, Bixby, and Knacke" 7 discuss parachute component
and system reliability. Because of the value of the payload, most high-performance parachute systems
must meet stringent reliability requirements. It is necessary to quantify parachute system reliability
requirements; the statement that "high" or "very high" reliability is required is not sufficient. It is
necessary to have some firm basis to trade off the reliability requirements for a parachute system
against such penalties as weight, volume, cost, development time, etc. A reliability level can then be
determined that can be practically attained. Ultra-reliability (>0.999) requirements include such
applications as most personnel parachutes, space-vehicle-recovery decelerator systems, and similar
critical applications where costs are very high or where assurance of mission success is very high. The
very high reliability requirements are for cargo delivery, missile and drone recovery, weapons delivery,
etc. These very high reliability requirements result from a trade-off of cost, development time,
personnel training, or other factors involved in the compromises required in the usual miitary
parachute system development programs.

The three major causes of unreliability in high-performance parachute operations are poor design,
materials failure, and human error in parachute fabrication, packing, and use. Poor design is usually
not a major failure factor in actual flight-test use of operational parachutes, because design errors are
usually eliminated during development. Materials failures may be divided into failures of the fabric
and static-hardware portions of the parachute and failures of the active-function mechanical devices
necessary for parachute system operation. To understand the failures of the fabric portions of the
parachute, it is necessary to compare the strength of the material in each section of the parachute
against the local stress during the critical opening/loading condition. The probability of failure will
depend on the probability of the specific section of the canopy or suspension lines encountering high
stress during parachute operation. Everything possible should be done in the parachute design,
construction, and operation to minimize the possibility of selecting a low-strength piece of material
(e.g., a priori testing of mill-run samples) and to minimize the possibility of high loading by limiting
the deployment dynamic pressure.

i
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Failures of mechanical devices are a more straightforward problem. The cause of failure of static
hardware, whose functions are primarily passive, may be attributed to the distribution of stresses
placed on the components. However, there is another group of mechanical devices that must perform
active functions during the deployment or operation of the parachute system. This group consists of
reefing line cutters, interstage disconnects, deployment-initiation devices, etc. These active mechan-
ical devices must function in an envirorment that may include low temperatures, shock, vibration,
acceleration, and other factors. Assessment of reliability requires testing adequate numbers of such
devices under conditions closely simulating the use environment to determine the probability of
failure.

The third cause of parachute failure-human error-is more difficult to assess. Human error in
the parachute design process is part of the design problem rather than the parachute-use reliability
problem. Human errors in parachute construction are probably the primary causes of failure in the
operation of most types of high-performance parachutes. The human error in the manufacturing
process is difficult to evaluate in reliability studies. Reliability is primarily a function of quality
control by the manufacturer, and this is a function of proper training of personnel and thorough
inspection of the parachute system at the various stages of fabrication.

Jailer, Freilich, and Norden10 ' 4 have found human error in packing to be one of the major
failure-producing factors. Sandia's experience with high-performance parachutes verifies this conclu-
sion. Two portions of the packing process should be analyzed with the intent of reducing errors; they
are (1) the canopy layout, folding, tying, and stowing in the deployment bag and (2) the installation
of hardware and auxiliary devices required for parachute operation. Jailer, Freilich, and Norden
reported that the majority of human-error failures in packing were not in the canopy portion of the
operation but, rather, in the auxiliary device installation. Observation of the packing process for large
and complex parachute systems showed that during layout, examination, folding, and canopy stowage
the inspection process can follow each individual packing operation because the parts are large and
easily visible to the inspector. However, the hardware devices (such as reefing line cutters) are small
and are not as visible to the inspector; hence, more errors occur. Therefore, it is essential that very
specific packing orders be provided (with example photographs) to the parachute packers and that the
packers be trained and certified before they are allowed to do production packing.

Jailer, Freilich, and Norden °' 14 present a complete methodology for parachute reliability
assessment. They discuss many of the necessary auxiliary data, including values for human-error rates
observed in parachute packings, the reliability of mechanical devices commonly used in parachute
systems, and mathematical tables to facilitate computations. Reliability is inversely related to the
expected rate of failure; it can be measured by subtracting the expected probability of failure from
unity. In any given parachute use, the reliability of each portion of the parachute system is determined
at a virtually instantaneous time, rather than over a period of time. For example, the maximum load
on the suspension lines, and thus the maximum probability of a line breaking, comes either in the
opening shock or in the snatch force. Consequently, from a reliability viewpoint, a parachute is a
"one-shot" system. The probability distribution of parachute failure can only take on a finite number
of values; it is called a discrete distribution. The probability distribution best describing such a system
is the binomial distribution; it expresses mathematically the probability, f(x), that failure will occur
exactly x times in N independent trials of the system, where p is the expected probability of failure:

fx x (N -_ X)! -p)- (10.1)

The use of this binomial distribution to calculate parachute system reliability is discussed in detail
by Jailer, Freilich, and Norden'"° and Ewing, Bixby, and Knacke.1 7 An example calculation of the
reliability of a reefing line cutter is given by Bradley." " He defines the reliability, R, as the
probability that the electronic reefing line cutter will cut the reefing line within ± 5 % of the preset
time delay after the lanyard has been pulled. The reliability equation is

R=1-Q , (10.2)

where Q is the sum of the factors A through E given in Table 10.2. The solution to this equation, using
the values given in Table 10.2 (which are considered conservative), gives a reliability of 0.99. The
considered failure events and the assumptions are listed in Table 10.2. Pepper, Bradley, and
Jacoby,' 3 in continuing with the development of this reefing line cutter, performed a considerable
number of environmental tests. They concluded that the reliability of the production units for this
cutter would be >0.999.
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Table 10.2. Failure Events

EstimatedEvent ProbabilitySymbol Event Description of Failure

A Failure of the firing pin to strike and transmit to the thermal battery 0.002
primer the energy required to fire the primer, given that sufficient force
is transmitted to the lanyard by the parachute system

B Failure of the thermal battery to deliver an output sufficient to operate 0.003
the electronics, given that event A has not occurred

C Failure of the electronics to deliver an appropriate fire signal to the 0.004
cartridge after the preset time delay, given proper thermal batteryoperation

D Failure of the electrically fired cartridge to deliver sufficient energy to 0.0005
the cutter, given that a correct signal is received from the electronics

E Failure of the cutter to shear the wire and sever the reefing line, given 0.0003
that the cutter receives an appropriate amount of energy from the
cartridge

Q Failure of the electronic reefing line cutter to sever the reefing line 0.01

Assumptions:
In the reliability analysis, the following assumptions are made:

1. The fpi:ure events are statistically independent or mutually exclusive.
2. The reefing line cutter will be correctly installed in the parachute.
3. The "safety pin" is removed at the proper time.
4. The parts from which the assemblies are made will be of quality and

reliability suitable for weapons applications.

Sandia parachute design engineers have insisted for many years that the only method to prove the
reliability of a high-performance parachute system for ordnance deceleration was to conduct flight
tests over the range of deployment dynamic pressures. There are no ground test facilities (unsteady
flow wind tunnel, rocket exhaust, whirl tower, sled track, etc.) where the nonsteady flow associated
with high-performance parachute deployment and inflation could be duplicated. The number of flight
tests required (with no parachute system failures) to prove a desired reliability for two confidence
levels is presented in Table 10.3. Sandia has used this flight testing technique (aircraft drop, rocket
boost, and rocket-sled ejection) for many years to verify the reliability of its parachute systems.

Table 10.3. Number of Flight Tests With No Failures Required to
Verify Reliability of Parachute System

Flight Tests With No Failures
Reliability 50% Confidence Level 90% Confidence Level

0.90 7 15
0.95 14 44
0.99 69 235
0.995 145 470
0.999 720 2340
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CHAPTER 11

FULL-SCALE TESTINGI
11.1 Background

Johnson'" discusses the role of full-scale testing in the design of parachutes. Historically, it has
been difficult to separate full-scale testing from the design of high-performance parachute systems
because advancements in parachute system design and development have come about by trial and
error. Usually, calculations are made to determine the basic parameters for the parachutes to be used
in a system. The detailed design (including selection of materials, sewing, etc.) of the parachutes,
deployment bags, risers, and other parts of the system must be done by someone with many years of
parachute design experience. The parachute system is then fabricated, packed, and flight-tested.
Since full-scale flight testing has been such an integral part of the parachute design cycle, the test
equipment and facilities (test range, sled track, etc.) must be available to the design engineer.

Full-scale tests fall in one of two general categories: functional or performance-based. Functional
tests are those conducted to demonstrate whether a system or component of the system will operate
as predicted when tested under known conditions. These tests provide a "yes or no" answer and are
generally conducted without instrumentation in the test vehicle. Performance tests are those
conducted to obtain and evaluate specific performance characteristics of a system or component over
a wide range of test conditions. These characteristics can then be compared with those of similar
systems tested over the same range of test conditions. Until the very complicated equations for the
nonsteady flow about an inflating parachute can be solved numerically, full-scale performance tests
will also be required to measure some of the coefficients used in empirical design methods and to
validate the final design of the parachute system.

The Parachute Design Guide21 and Ewing, Bixby, and Knacke 7 discuss the advantages and
disadvantages of full-scale testing methods, such as aircraft or balloon drop, rocket boost, aircraft or
rocket sled tow, and rocket sled test vehicle ejection. A chart of altitude versus Mach number for
various free-flight methods (from Ref. 1.7) is given in Figure 11.1. Most high-performance parachutes
are tested by methods A (aircraft launch, gravity drop), D (aircraft or ground launch, boosted vehicle),
or E (ground vehicle launch and other methods). A principal advantage of fre6.flight test methods is
the absence of physical restraint on the motion of the decelerator-load system. Free-flight test
methods provide a finite mass test capability and allow for dynamic simulation of vehicle effects on
the decelerator after deployment. The full range of test conditions can be duplicated by this method,
and it is possible to demonstrate the actual performance of the complete system functions.
Observation and measurements of system stability, flight trajectory, rate of descent, drift tendencies,
and other phenomena are also attainable during tests. A disadvantage of free-flight testing methods,
when compared with captive methods, is that it is difficult to control and measure test conditions and
to observe precise motion of test items. Of course, the high costs and extreme complexity of the test
equipment, especially for high-speed and high-altitude testing, are sometimes unavoidable. Gravity
drop tests are those in which an unpowered test vehicle, with its packed parachute and attached test
item, is launched from a stationary or moving aerial platform to free-fall under the influence of
gravity. Boosted vehicle tests are those in which the test vehicle, with its packed parachute and
attached test item, is launched from the ground or from an aerial platform and boosted by rocket
motors to desired speeds and altitudes prior to deployment.

The following sections discuss full-scale testing at instrumented ballistic ranges, at sled tracks,
and at other facilities. Also discussed is the design of instrumented parachute test vehicles.
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11.2 Instrumented ballistic ranges

Table 11.1 lists the instrumented ballistic ranges in the United States suitable for the full-scale
testing of parachutes. Also listed are the types of tests and the test support services (neither is
all-inclusive). More detailed information is presented in Technical Manual-Tonopah Test Range
Capabilities,'.2 Major Test Facilities of the Naval Weapons Center,11 3 AFF'C User's Handbook,. 4

3 Test Capabilities- Yuma Proving Ground, '" White Sands Missile Range Users' Handbook,'"
ADTC Technical Facilities,"7 and Major Range and Test Facility Base-Summary of Capa-
bilities. 8 Reference 11.8 provides the most up-to-date description of the DoD instrumented ballistic
ranges in the United States. The other major instrumented ballistic range is at the Tonopah Test
Range (TTR)," 2 which is operated by Sandia National Laboratories for the U.S. Department of
Energy. Both References 11.2 and 11.8 provide points of contact to obtain more information about the
DOE and the DoD instrumented ranges, respectively. The importance of these ranges to the parachute
technical community cannot be understated. Even with much-improved numerical parachute design
tools, the ability to conduct full-scale tests of parachutes is essential to the parachute designer.
Sustaining a viable capability in parachute testing should be the common goal of all parachute users
and designers.

Table 11.1. Instrumented U.S. Ranges
Range Types of tests Test support services

Air Force Flight Test Center A/C drops Telemetry, cinetheodolites, telescopic track.
Edwards AFB A/C tow ing cameras, ground-to-air motion picture
Lancaster, CA A/C flight cameras, video recording and playback,
Control agency: USAF rawinsonde, data reduction, photo process-
Range size: 5 X 14 mi ing laboratory, space positioning on test

range, IRIG timing system

White Sands Missile Range A/C dropA Telemetry, cinetheodolites, telescopic track-
White Sands Missile Range, NM A/C tow ing cameras, ground-to-air motion picture
Control agency: U.S. Army Balloon launch cameras, video recording and playback,
Range size: 40 X 100 mi Ground launch rawinsonde, radar tracking, documentary

photography (16mm), IRIG timing system

Eglin Gulf Test Range A/C drops Telemetry, cinetheodolites, telescopic track-
Eglin Air Force Base, FL A/C tow ing, rawinsonde, data reduction, ground-to-
Control agency: USAF Ground launch air motion picture cameras, photo processing
Range size: 200 X 500 mi laboratory, IRIG timing system

over water

Naval Weapons Center Sled tow Telemetry, cinetheodolites, telescopic track-
China Lake, CA Sled launch ing .cameras, ground-to-air motion picture
Control agency: USN A/C launch cameras, video recording and playback, ra-
Range size: 30 X 40 mi dar tracking, data reduction, photo labora-

tory, space positioning on track range, IRIG
timing system

Tonopah Test Range Ballistics Telemetry, cinetheodolites with G-band ra-
Tonopah, NV A/C drops dar ranging, telescopic tracking cameras (35
Control agency: SNL/DOE A/C tow and 70mm), video recording and playback,
Range size: 26 X 24 mi Ground launch rawinsonde, radar tracking, documentary

photography (16, 35, and 70mm), IRIG tim-
ing system, data reduction, laser tracking

Yuma Proving Ground A/C drops Telemetry, cinetheodolites, telescopic track-
Yuma, AZ Personnel ing cameras, video recording and playback,
Control agency: U.S. Army laser tracking

11.2.1 Aircraft drops

The most common method for free-flight testing of high-performance parachutes uses cargo,
bomber, and fighter aircraft or helicopter as the launch platform for a gravity drop-test vehicle (see
Figure 11.1). With fighter-type aircraft, the test vehicle is usually suspended from a pylon mount
under the wing or is centered under the fuselage. The drop is initiated by the pilot's remote activation
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of the bomb release at the required test conditions of aircraft speed, altitude, and direction at the test
range. At some ranges the range flight controller will indicate to the pilot when to release the store,
based on real-time radar tracking data; this method improves the probability that the store will

impact a specific ground target and/or that optimum cinetheodolite and documentary film coverage
is obtained. The range flight controller directs the pilot to the right altitude, aircraft speed, and
azimuth. Stores are also mounted on pylons on bomber aircraft and helicopters for free-flight
drop-testing of parachutes. Bombers can usually carry a larger store in their bomb bay than can be
carried externally on pylons.

Ewing, Bixby, and Knacke l 7 (p. 201) present a table of achievable launch conditions for parachute
testing. Holt 4

' discusses the results of thirty B-52 drop tests of 20,000- to 45,000-lb vehicles at TTR
to test a 76-ft-diameter ribbon parachute. The main parachute was deployed immediately after
aircraft release using a 5-ft-diameter guide surface pilot parachute and an 18-ft-diameter ribbon
drogue parachute. The release altitudes varied from about 25,000 to 45,000 ft and the release velocities
from 550 to 780 ft/s. Moog, Sheppard, and Kross4 "12 discuss the testing of the Space Shuttle Solid
Rocket Booster parachute system in which a 48,000-lb test vehicle was decelerated after its release
from a B-52 aircraft. A 50,000-lb test vehicle is the approximate upper weight limit for aircraft drop
tests.

Maydew and Johnson 3 ' discuss the results of 29 low-altitude tests (conducted at TTR) of a
22.2-ft-diameter parachute deployed from a 2100-lb store released from A-4 or F-4 aircraft at Mach
numbers 0.57 to 1.22. Pepper1" conducted 31 drop tests at TTR, using A-7, F-4, and F-111 aircraft,
to test a 24-ft-diameter ribbon parachute decelerating a 760-lb store. The maximum test conditions
were Mach 1.32 at 5400 ft altitude and Mach 1.72 at 60,500 ft altitude. The minimum test condition
was Mach 0.51 at 1170 ft altitude. These two series of flight tests may represent the current upper
limit of aircraft speed for parachute testing using gravity-drop techniques.

Figure 11.2 shows a 2465-lb test vehicle (see Johnson and Peterson3'6 ), separating from a B-I
aircraft, with the 46,3-ft-diameter parachute partially inflated. Figure 11.3 shows the same test vehicle
with the fully inflated parachute impacting the snow-covered concrete target at TTR.

Parachute designers and test engineers should always be aware of the hazards of parachute testing
with aircraft drops. The test vehicle must safely separate from the aircraft so that the aircraft and the
crew are not endangered. Military organizations usually require an analysis of the aircraft-store
separation and, if this is approved, a series of separation tests at increasing Mach numbers or dynamic
pressures to demonstrate safe separation at the required test conditions. The analysis may consist of
numerical modeling and computer solution of the approximate flow field (and trajectory) about the
separating store and/or wind tunnel tests of scale-model store/aircraft separation. For best results,
contemporary wind tunnel tests conducted for release and separation consist of a sting-supported
(fixed in the airstream) aircraft model with an instrumented (5- or 6-component strain gauge balance)
sting-supported store model. The store model translates in the X-Y plane in the wind tunnel in a
trajectory based on real-time aerodynamic measurements (with feedback to the store trajectory
apparatus) from the store's strain gauge output. The 4-ft Transonic Wind Tunnel at AEDC (see
Ref. 7.2) has provided this captive trajectory store-separation testing capability for many years. T-, a
survey of Sandia's work in store separation, Spahr' 9 discusses the use of numerical codes, the use of
wind tunnel testing, the use of analogy in store separation, and the steps required to provide
information on store separation to the military services before the first flight test of a new store. He
reminds the reader that poor store-separation design can result in the loss of the aircraft-a case in
point was an F-14A in 1973. Schindel"' ° in 1975 published a complete survey of store-separation
studies conducted in NATO countries (AGARDograph No. 202).

Another area of concern is the premature deployment of the parachute before the store is safely
clear of the aircraft. The aircraft could be damaged and the crew endangered if a deployment device
such as a thruster, tractor rocket, endplate, or pilot parachute (or the main parachute) impacted the
aircraft. The safe separation time varies as a function of release velocity, altitude, store location on the
aircraft (wing pylon vs. bomb bay, for example), and type of aircraft. Hence, careful analytical studies,
corroborated with full-scale flight tests, are made at Sandia to determine the optimum safe separation
times for each aircraft for the high-performance, low-altitude parachute systems described by
Maydew and Johnson,3 1 Pepper,1" and Johnson and Peterson.3 6 Spahr'1 9 discusses the unique
hazards posed to delivery aircraft from parachute system components or from parachutes deployed
immediately after the store is released from the aircraft.
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Figure 11.2. A 46.3-ft-diameter parachute inflating after release of store from B-i
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Figure 11.3. Impact on concrete target (at TTR) of store with 46.2-ft-diameter parachute
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11.2.2 Rocket boosting

An important area of the Figure 11.1 test map is covered by aircraft-launched or ground-launched
rocket-boosted vehioles. Of these two test methods, the aircraft-launched vehicle is used less
frequently, because qualifying a test vehicle of this type for safe carriage and launch from an aircraft
is a costly and time-consuming program in itself. Hence, only ground-launched rocket-boosted
parachute test vehicle systems will be discussed here. Ground-launched vehicles are commonly used
to test decelerators at higher Mach numbers or dynamic pressures not obtainable with current
aircraft. In many cases, the designer may want to qualify the decelerator at higher dynamic pressures
than the aircraft can fly to prove the structural capability'(a margin of safety) of the parachute system.
Generally, the test vehicle is boosted from the ground by a single solid-propellant motor. The need for
higher test speeds, higher altitudes, or heavier payloads may require the use of multistage rocket
boosters, but this increases the complexity and reduces the reliability of the system. In some cases, an
aircraft-launched rocket-boosted vehicle may be more feasible than a ground-launched multistage
rocket-boosted system,

Kane and Barth11' " designed a supersonic test vehicle (weighing 1130 lb) that was boosted with
an M-5 Jato (Nike) to test 20-ft-diameter ribbon parachutes at deployment dynamic pressures of 2000
to 3000 lb/ft2 . The maximum deployment dynamic pressure that could be obtained for testing before
that time was -2000 lb/ft2; this was accomplished by releasing a 7500-lb test vehicle from an aircraft
at 45,000 ft altitude and deploying the parachute at about Mach 1.3 at low altitude. This new -

supersonic test vehicle was used for many parachute programs, and this was the beginning of many
rocket-boosted tests of high-performance parachutes at Sandia's Tonopah Test Range. The results of
the first four tests of supersonic parachute deployment using this test vehicle are described by
Kane.2 1,.2 14 The reefed 20-ft-diameter parachute was successfully tested at deployment Mach
numbers of 1.45 to 1.57 at dynamic pressures of 1950 to 2840 lb/ft 2. Kane recorded maximum snatch
and opening.shock deceleration loads of 44 and 119 g, respectively, from onboard accelerometer data
transmitted to a telemetry ground station.

Engstrom"'" developed a Cree test vehicle (with three stages of Nike M-5E1 boosters) to test
small (-2- to 4-ft-diameter) hemispherically shaped ribbon parachutes at Mach numbers up to 3,
altitudes up to 70,000 ft, and dynamic pressures up to 1720 lb/ft 2. Pepper3  used the Sandia
supersonic test vehicle (with the addition of a second Nike booster stage) to boost an 1100.lb store to
test 20-ft-diameter reefed ribbon parachutes at Mach numbers up to 2.43 and dynamic pressures up
to 5700 lb/ft2. Pepper and Maydew2'1 discuss tests of a 12.5-ft-diameter ribbon parachute at dynamic
pressures up to 4200 lb/ft 2 and Mach numbers up to 1.94; this 500-lb tost vehicle was boosted with a
Genie motor. Maydew and Johnson"' report on tests of a 22.2-ft-diameter reefed ribbon parachute at
dynamic pressures up to 2720 lb/ft (Mach 1.70); this 2100-lb store was boosted with an Honest John
motor. Pepper"' conducted tests of a 24-ft-diameter ribbon parachute at dynamic pressures up to
2700 lb/ft' (Maclh 1.58); this 760-1b store was boosted with a Nike motor. Johnson and Peterson"
used an Hcnes' '"hn motor to boost their 2465-lb test vehicle up to dynamic pressures of 2400 lb/ft2

(Mach 1.5) to tc, a reefed 46.3-ft-diameter ribbon parachute.

Rollstin"' 3 describes the development of an Honest John boosted vehicle to test 5-ft-diameter
ribbon parachutes with an 800-lb payload at dynamic pressures of 1800 to 4400 lb/ft2 (with overtests
to 5000 lb/ft2), corresponding to Mach numbers of 1.3 to 2.3. A photograph of this vehicle on a rocket
launcher at TTR is shown in Figure 11.4. The quadrant elevation launch angle of about 18 degrees
allowed parachute deployment at altitudes of 10,000 to 12,000 ft. The dynamic pressure and Mach
number at booster burnout were 10,000 lb/ft2 and 3.1, respectively. Figure 11.5 shows a profile view
of a trajectory that provides a nominal parachute deployment dynamic pressure of 3500 lb/ft2. The
pressure output of a pitot tube, which is mounted on the nose of the test vehicle, is used to obtain the
desired deployment dynamic pressure. The pitot tube is connected to a previously set pressure switch
that provides an electrical signal to explosively separate the afterbody from the test vehicle at the
desired dynamic pressure, thereby deploying the parachute. Typical system error in obtaining the
desired dynamic pressure was <2%.

K
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Figure 11.4. Honest John boosted test vehicle on launcher at 'ITRt

20 I ' I

Parachute deployment

Store separation Tail can Store

Spent 
b ooster 

'  .% %

. ' ~ Terrain %

0 10 20 30 40 50 60
Downrange distance (kft)

Figure 11.5. Trajectory profie of parachute test vehicle boosted to supersonic speeds
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11.2.3 Ballistic range instrumentation

Range instrumentation is addressed in References 1.7, 2.1, and 11.2 to 11.8. The Sandia-operated
DOE Tonopah Test Range (Ref. 11.2) is discussed in detail since the authors are more familiar with
the capabilities of this range, and the capabilities of the other ranges are similar. Figure 11.6 is a

functional block diagram of a typical TTR test operation for an aircraft-delivered store with approach
and release directed by a ground-based test controller. Figure 11.7 shows the location of the camera,
radar, and telemetry stations on the 525 square mile TTR. The tracking and data acquisition systems
(including optical trackers, radars, and telemetry) at TTR provide both versatility and high accuracy
to obtain the best field test results. Much of the equipment was custom designed and built by Sandia
personnel; the balance of the equipment (built to TTR specifications) was purchased from manufac-
turers.
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Figure 11.6. Functional block diagram of a typical ITR operation for an aircraft-delivered store,
where AZ = azimuth, EL = elevation, TM = telemetry
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11.2.3.1 Radars

TTR is equipped with five tracking radars: two G-band (5400 to 5900 MHz) and three I-band
(8900 to 9600 MHz). Table 11.2 gives the specifications and performance dita for all five radar
systems. The five units are strategically located to cover all range targets and aircraft or ballistic
vehicle entry paths. The three I-band rad. es are mobile and can be easily moved to fill any gap in
coverage that might occur because of a s. 'ial test. Radar R18 is the primary unit for tracking
rawinsondes.

Closed-circuit television cameras mounted on the pedestals are boresighted with the antennas to
provide real-time television coverage of the radar targets. The video is used by radar operators for
angle tracking when ground clutter or test conditions require it. Digital annotations are superimposed
on TV signals that provide time of day, azimuth, elevation, and range data. The video is transmitted
by fiber optics or microwave to the Central Computer for observation both during and after the test.

Digital data are transmitted from each radar to the Control Center and the Central Computer
facility. These digital signals provide real-time trajectory data to drive plotting boards and graphics
displays. All radar data are recorded in the Central Computer for posttest analysis of space position
and trajectory. Tracking data from all operational radars are multiplexed and transmitted by RF link
to all other tracking stations on the range. A microcomputer at each receiving station receives the data

and computes azimuth and elevation-pointing angles and range data for target acquisition and camera
focusing. The radars are routinely used for aircraft store drops, rocket launches, and artillery round
firings.

11.2.3.2 Optical trackers

Optical trackers provide two categories of test data: test documentation and target vehicle space
position data. Currently in use are 4 fixed-location trackers and 17 mobile trackers. All stations are
equipped with landline or RF links for communications and for receiving timing and target acquisition
information. Trackers can be deployed at any of the locations shown in Figure 11.7.

The six ME-16 and three SM-mount tracking telescopes constitute the principal equipment used
to obtain sequential photographic engineering records. The mobile units are positioned on surveyed
sites as required for a test operation. The ME-16 (16-in.-diameter primary mirror) is built around a
Newtonian telescope with a prime focal length of 117.5 in. The telescope is installed in a high-accuracy
mount that permits simultaneous azimuth and elevation tracking. These greater focal-length lenses
have temperature correction features and are kept in focus with radar digital range data, which
ensures high-resolution target images at all distances of 1000 yards or more.

Most of the telescopes use 35mm Photosonic 4E pin-registered cameras, which run at rates of 6 to
360 frames per second. Maximum tracking velocity for the ME-16's is about 20 degrees per second.
The SM-mounts are small, highly mobile trackers. The newest type in use is the ABA Lightweight
Optical Tracking System (LOTS), which can track at velocities up to 57 degrees per second. Two
mounts carry 12-in. Newtonian telescopes with 60-in. focal lengths. The LOTS SM-mount uses a
Photosonic 4E camera.

A variety of high-speed and special-purpose cameras are available at the Range. Rotating-prism
cameras (16mm and 35mm) with frame rates from 100 to 10,000 frames per second, with a range of
lenses, are used. Other available cameras are streak (35 to 250 ft/s), 35mm Mitchell and Photosonic,
and 70mm Photosonic.

Eight Model EOTS (Sandia-modified) and one EOTS-C/F Contraves cinetheodolites are used at
TTR to obtain metric photographic data. These mobile tracking instruments (they can be positioned
at many locations, see Figure 11.7) are mounted on Parabam trailers and are protected by astrodomes.
These Contraves have been modified to permit target acquisition with radar assistance through use of
the Range Tracking Vector Translation System. They use a 60-in. and a 120-in. focal-length lens
system and have frame rates of 5, 10, 20, or 30 frames per second. Three cinetheodolites are equipped
with a G-band radar ranging system, which, along with the azimuth and elevation data, provides a
one-station space position solution for any incoming test vehicle equipped with a 5400- to 5900-MHz
radar transponder. Cameras on these mounts are synchronized to expose like frames simultaneously.
Recorded on each picture frame are target image, plus IRIG time, and elevation and azimuth angle
annotations. Data reduction of these films provides position versus time (primary source), velocity
(primary source), acceleration (primary source for some tests), and altitude data. The space position
data, obtained from an optimized cinetheodolite solution and translated to the TTR rectilinear
coordinate system, is accurate to within ± 1 ft.
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Table 11.2. Specifications and Performance Data for Radar Systems

M-33 Modified DIR
Radar Type Conical Scan Monopulse

Transmitter
PRF 700 156, 312, 625
Pulse width 0.25 ps 1.0, 0.25 As
Multiple pulse No YesPeak power output 250 kW 250 kW
Final stage Coaxial magnetron Coaxial magnetronI-band (8.4-9.6 GHz) I-band (8.4-9.6 GHz)

Pedestal
Prime mover Electric motor Electric motor
Maximum velocity 700 mil/s azimuth 700 mil/s azimuth

500 mil/s elevation 500 mil/s elevation

Antenna
Type Lens Cassegrain parabolic
Size 6 ft 8 ft
Gain 37 dB 43 dB
Polarization Vertical Vertical

Receiver (solid-state)
Typo One-channel Three-channel
Mode Skin Skin/beacon

Range tracking
Type Digital Digital
Mode Skin Skin/beacon

Maximum tracking:
Rate 10,000 yd/s 10,000 yd/s
Data granularity 1 yd 1 yd

Angle tracking
Tracking precision for
20-dB s/n target ±0.5 mil rms ±+0.15 mil rms

Digital data system

Angle encoders 16-bit synchron/digital 16-bit synchron/digital
Data output 16-bit angles 16-bit angles

20-bit range 20-bit range
Data rate 100 frames/s 100 frames/s

Closed-circuit television
Lens (focal length) 40 in. 20/60 in, 7-70 in. zoom
Annotation Time of day, azimuth, Time of day, azimuth,

elevation, range elevation, range

tI
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MPS-25 MPS-36 R18
Monopulse Monopulse Conical Scan

160, 320, 640 160, 320, 640 500
1.0, 0.5, 0.25 gs 1.0, 0.5, 0.25 As 1.0, 0.25 As
Yes Yes No
1.0 MW 1.0 MW 200 kW
Coaxial magnetron Crossed-field amplifier Coaxial magnetron
G-band (5.4-5.95 GHz) (coherent) I-band (9.1-9.6 GHz)

G-band (5.4-5.95 GHz)

Hydraulic PM torquer Dual dc motors
800 mil/s azimuth 800 mil/s azimuth 266 mil/s azimuth
500 mil/s elevation 500 mil/s azimuth and elevation

Parabolic Parabolic Parabolic
12 ft 12 ft 8 ft
44 dB 43 dB 43 dB
Vertical Vertical, horizontal, Vertical

right or left circular

Three-channel Two-channel One-channel
Skin/beacon Skin/beacon Skin/beacon

Digital Digital Digital
Skin/beacon Skin/beacon Skin/beacon

(single-pulse)

20,000 yd/s 20,000 yd/s 2500 m/s
I yd I yd 2 m

±0.1 mil rms ±0.2 mil rms ±0.5 mil rms

18-bit optical 20-bit optical 16-bit synchron/digital
18-bit angles 20-bit angles 16-bit angles
24-bit range 24-bit range 18-bit range
100 frames/s 100 frames/s 100 frames/s

40/120 in. 40/120 in. 7-70 in., 200 m
Time of day, azimuth, Time of day, azimuth, Time of day, azimuth,

elevation, range elevation, range elevation, range,
altitude

K!
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Rollstin"'' 3 discusses the errors in radar tracking and optical tracking during periods of rapid
accelerations (rocket boosting) and decelerations (parachute opening). Figure 11.8a compares the
vehicle velocity during boost from optical track with the velocity derived from onboard accelerome-
ters. Figure 11.8b compares the vehicle dynamic pressure during parachute deployment from optical
track with the dynamic pressure derived from onboard accelerometers.
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11.2.3.3 Telemetry

Two fixed and two mobile ground stations provide complete range coverage of RF signals in the
1435- to 1535-MHz and 2200- to 2300-MHz telemetry bands. The Master Ground Station, located in
the Operations Center, is the controlling element for telemetry functions; it provides reception,
recording, real-time display, and posttest playback of telemetry data. The other ground stations serve
as backups for receiving and recording data. The mobile stations are located where they can ensure
coverage of critical areas of the test vehicle trajectory. At least two ground stations are operate,, iuring
any test.

Analog tape recorders record either Pre-D receiver outputs or the receiver video outputs,
depending on the modulation format or the customer's requirements. IRIG-B timing and a station
multiplex containing reference frequencies and receiver automatic gain control signals are also
recorded, along with a voice channel with the UHF air-to-ground radio network and a VHF ground-
to-ground range operations network. Any of the other range voice networks can be recorded on the
telemetry tape when required.

The data needed to make real-time go-no-go decisions are displayed in several ways, including
analog meters, oscillographs or strip charts, oscilloscopes, spectrum analyzers, computer printouts,
and CRT displays. The Central Computer accepts pulse-code modulated data in real-time and
posttest modes, and produces listings and/or plots in engineering units. Most playback and quick-look
data processing requirements can be fulfilled within 24 hours after a test. Detailed descriptions of each
station's equipment and capabilities are given in Table 4.3 of Reference 11.2.

11.3 Sled track testing

Sled track facilities are used for parachutes deployed from (and held captive to) a rocket sled and
for those deployed from a sled-ejected test vehicle. Both testing methods are expensive-the latter, in
Sandia's experience, is more expensive than aircraft drops or rocket boosting. The Parachute Design
Guide2" lists some of the advantages and disadvantages of the captive rocket sled method. Major
disadvantages are asymmetry of the flow field due to ground interference, testing limited to small
parachute sizes, and the lack of vehicle/paracl'ute deceleration simulation (infinite mass testing).
Correct deceleration-simulation testing is very important for high. performance parachute design
validation. Sled ejection avoids these major captive-sled disadvantages, but testing costs are higher
because of the design and fabrication of the ejector. Aircraft flow-field effects on parachute
performance are not simulated during sled ejection tests. This is not a problem except for large
parachutes deployed near heavy aircraft, when aircraft downwash may cause parachute canopy
collapse.

Ewing, Bixby, and Knacke1' report that track facilities can be used to simulate flight trajectories
under accurately programmed, closely controlled, and rigorously monitored conditions. In effect, the
track can be u,-A as a giant wind tunnel, making possible many experiments not possib!e in
conventional facilities. Ewing, Bixby, and Knacke and Pirrello, Hardin, and Heckart" " describe the
major tracks in the United States. Brief descriptions of the tracks are given in the following sections,
including examples of captive-sled and sled-ejector testing.

11.3.1 Holloman High-Speed Test Track

This track facility is operated by the USAF Armament Division, 6585"' Test Group, at Holloman
AFB, New Mexico. This aerospace ground test facility has capabilities for dynamic testing of crew
escape systems; aerodynamic decelerators; rain, dust. and particle erosion; guidance and aeropropulsion
systems; impact testing; hypersonic and transonic aerodynamic testing at high Reynolds number;
dispenser system testing; explosive blast-testing; and for launch into free flight. This track is the
longest (50,788 ft), most precisely aligned, and most highly instrumented of its kind. The master rail
is aligned 0.005 in. with respect to a reference (fiducial) line established with better than first-order
accuracy over its nearly 10-mile length. A precision-spac" time system provides a velocity reference
better than 0.01 ft/s. Test speeds of up to 8200 ft/s have been demonstrated. Depending on payload
size, accelerations greater than 200 g have been demonstrated; sled weights range from 100 to
30,000 lb. Sleds travel on a set of heavy-duty crane rails spaced 7 ft apart on a foundation designed
to resist vertical (down) loads of 70,000 lb per slipper on any tw) slippers. Water is used to decelerate
and stop the test sled at the conclusion of a run. Telemetry equipment and extensive photographic
capabilities are available for complete instrumentation of a sled test.
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11.3.2 Naval Weapons Center's supersonic test tracks

Reference 11.3 gives a detailed description of this track testing facility. It consists of three
separate tracks-the Supersonic Naval Ordnance Research Track (SNORT), the Transonic Test
Track, and the Terminal and Exterior Ballistics Test Track-each with specific capabilities. Complete
telemetry and photographic coverage, as well as sled velocity measurements, is provided for all three

tracks.

The SNORT track is used for captive-flight, aeroballistics, fuze, guidance system, aircraft damage,
terminal ballistics, crosswind firing, projectile recovery, and aircraft and capsule escape system and
rain erosion tests. The facility is a 21,550-ft-long, two-rail, 56.5-in.-gauge, precisely aligned, heavy-
duty track located near the southwest corner of the China Lake complex. Either monorail or dual-rail
test vehicles can be used; the track will withstand dual-rail vertical loads of up to 136,000 lb. Speeds
up to 600 ft/s can be attained. The sled is decelerated the last two miles with a water trough located
between the rails.

The Transonic Test Track is used for captive-flight and aerodynamic testing of parachute
deployment, missile components, and aircraft damage in addition to target profile recognition fuze
tests. The track is 14,560 ft long, two-rail, and 56.5-in. gauge. Test vehicles can be accelerated up to
speeds of 2000 ft/s, and sleds weighing up to 6600 lb have been tested. Deceleration is by means of a
probe that drags through loose sand spread between the rails over the last portion of the track.

The Terminal and Exterior Ballistics Test Track is used for impacting a stationary target at the
end of the track and for launching a weapon from the sled at the end of the track into flight with
trajectories several hundred feet high over a broad deep valley. The facility is 3000 ft long, two-rail,
precisely aligned, and heavy-duty with a 33-7/8-in. gauge. Monorail or dual-rail test vehicles can be
used. Sleds weighing up to 10,000 lb can be accommodated, and speeds up to 4500 ft/s are attainable.
Portable equipment is used to control and instrument tests.

11.3.3 Sandia Rocket Sled Track

Located at Kirtland AFB in Albuquerque, New Mexico, the Rocket Sled Track is operated for the
Department of Energy by Sandia National Laboratories. The track is 10,000 ft long with a
22-in.-gauge dual rail. This narrow gauge provides dual-rail stability while minimizing sled mass and
frontal area; this reduces significantly the propulsion requirements at higher velocities. The maximum
test velocity, using a monorail sled, is -6600 ft/s. The sled is normally stopped at the track end by a
water brake; sleds can be recovered after achieving speeds of up to 4000 ft/s. Of the approximately 250
sled tests conducted annually in the United States, about 50 of them take place at the Sandia track.

Laser-controlled tracking offers excellent centered high-speed motion picture coverage of the test
item and provides accurate space position and velocity and acceleration data within a few minutes
after the test. An argon-ion laser beam is optically routed to a double-gimbal-mounted mirror on the
roof of the tracker trailer. The mirror directs the laser beam to the test devices to be tracked. A
reflective material on the test devices returns laser energy to the double-gimbal-mounted mirror for
optical transmission to an image dissector within the tracker. The reflected beam is analyzed to
determine the direction of test vehicle motion. A closed-loop servo system repositions the mirror to
keep the laser beam on the test devices. Shaft encoders read out the mirror azimuth and elevation
coordinates, and a beam-modulating technique determines slant ranges to the test devices. These
three coordinates, read at 1000 samples per second, provide test vehicle position-time data recorded
digitally in a minicomputer. The laser tracker measures the trajectory of the sleds and ejected
payloads-it locks onto the unit even though it may be only 4 ft long and 3 in. in diameter, and
traveling at 6000 ft/s. These trackers have slew rates of 3 radians/s, and the trajectory position-time
data is accurate to t 2 ft. Tracking data is available immediately after the test is conducted.

Computers in the laser trackers provide real-time trajectory data for test control and for directing
slaved equipment. For example, parachutes can be deployed on command, through an RF link from
the tracker to the test vehicle, when the test vehicle is at the desired velocity. However, onboard timers
are the most common means of activating parachute deployment during sled tests since sled velocity
is predictable to within 2 %. 'rest vehicle accelerations are measured by transducers and telemetered
to ground stations. Extensive photometric coverage of parachute tests is obtained from independent
tracking cameras-cameras in the laser tracker using the same optical path as the laser beam and
cameras on mounts slaved to the laser tracker. Both S- and L-band telemetry are available.

,~N4.



239

In addition to tow testing, vehicles weighing up to 2500 lb may be ejected upward from the sled
to altitudes of 250 ft in order to obtain free-flight parachute performance data. The first ejector sled
was built in 1962-a pneumatically driven piston tosses the test item into the air while the sled is
moving. Tests have been conducted of parachute-retarded stores that fly for a mile and still hit a
40-ft 2 target. At shorter distances and without a parachute, the miss distance to a target is only an inch
or two. A high degree of test precision can be achieved with this ejection technique since sled velocity,
ejection position, and ejection altitude can be closely controlled. Thus, payloads can be accurately
placed into target arenas. This technique also permits testing temperature-preconditioned payloads
from -160*F to +65*F. Temperature shrouds are removed from the payload just before the launch.

Parachute tests are also conducted captive to rocket sleds. The most common is the cross-flow
deployment test. Parachutes are deployed at oblique angles to the airstream to investigate inflation
under cross-flow conditions. An example is the Space Shuttle SRB decelerator subsystem that was
tested at the Sandia track. The Space Shuttle SRB assumes a near-horizontal attitude upon reentry;
the predicted attitude is between 10 degrees nose down and 50 degrees nose up, The parachutes are
mounted in the nose cone of the booster and are deployed forward from the booster; thus, the pilot ndid
drogue parachutes are deployed in a severe cross-flow condition. The drogue parachute orients twe
booster with the flow before deployment of the main parachute. To test to these cross-flow
deployment conditions, SRB nose cones with decelerator systems were mounted on a rocket sled for
tests at the 10-degree nose-down and 50-degree nose-up conditions, The sleds were then launched to
the test velocity, where the nose cones were Jttisoned by thrusters, which deployed the pilot
parachute, which in turn deployed the drogue prachute.

In addition to parachute and other aerodynamic testing, the sled track is used extensively for
impact fuzing and other impact tests (aircraft, nuclear reactor, nuclear waste container, etc.). Radiog-
raphy (x rays) is used to look through fireballs or inside a ballistic case to view crush-up as it happens.
Sandia makes extensive use of reverse ballistic testing, accelerating rocket sled targets into payloads
positioned at the end of the track. This technique permits the recovery of high-frequency data directly
over hard-wire. Magnetic disks, located in a bunker adjacent to the sled track, record numerous
channels of 2-MHz FM data during impacts. Digital data recording of 5 MHz is available. Impacts are
photographed at 100K frames per second using rotating-mirror framing cameras.

11.3.4 Captive-sled parachute testing

Using rocket sleds at the Holloman High-Speed Test Track, Babish3 3° conducted 20 tests of
5-ft-diameter nylon and Kevlar hemisflo ribbon parachutes at dynamic pressures up to 6000 lb/ft2

(Mach 2.2). This comprehensive test program demonstrated the usefulness of the captive-sled
technique for systematically testing small parachutes in a carefully controlled test environment and
with accurate instrumentation. Three tests were made at Mach 1.2 using the Tomahawk sled to check
out parachute deployment system techniques. Fourteen tests were conducted with the Arrowhead sled
(see sketch in Figure 11.9) at Mach numbers 1.5, 1.8 and 2.2 (dynamic pressures of 2500, 3500, and
6000 lb/ft2) to obtain comparative parachute performance and structural integrity data.

>!
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Figure 11.9. Sketch of the Arrowhead sled (taken from Ref. 3.30)
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The Arrowhead sled operates either as a single-stage vehicle (with five Nike boosters) or, with a
noncaptive pusher sled (also with five like boosters), as a two-stage test vehicle. The single-stage
vehicle accelerates the initial sled weight of 11,700 lb to Mach 1.89 at motor burnout (burnout weight
is 7900 lb); the total thrust is 245,000 lb. The two-stage vehicle, with the pusher sled, acceleratas the
Arrowhead sled to Mach 2.55 at motor burnout. Parachute deployment was initiated shortly after
motor burnout, when the sled knives intercepted the screen box. Electrical current from the screen
box fired the drogue gun squibs in the parachute deployment mechanism located at the top and at the
base of the sled. The resulting gas pressure sheared the drogue gun mortar pin and propelled the
deployment cone downstream from the sled. A schematic of a typical deployment sequence is shown
in Figure 11.10. Excellent sled and parachute performance data (including photographic coverage)
were obtained. Babish also discus'es the aerodynamic design of the Arrowhead sled, including the
wind tunnel testing.

"100 in. t

Parachute bag Parachute attachment/

Pilot parachute deployment/release mechanism

Vent break cord Riser lines
Pilot parachute bag Suspension lines

F Coneriser Parachute canopy

Deployment cone Vent break cord

Figure 11.10. Sketch of a typical deployment sequence of Babish's supersonic captive-sled
tests at Holloman AFB of 5-ft-diameter ribbon parachute (taken from Ref. 3.30)

11.3.5 Sled-ejector parachute testing at the Sandia Rocket Sled Track

Johnson and Peterson3" discuss the results of eight sled.ejector (free-flight) tests at Mach 0.51 to
1.33 of their 46.3-ft-diameter r~bbon parachute with the 2465-lb store. A photograph of the ejector sled

at the start of rocket burn on the Sandia Rocket Sled Track is shown in Figure 11.11. The ejector
system on the sled tosses the store 200 to 300 ft vertically before parachute deployment. The
pneumatically operated ejector used a 10-in.-diameter piston with a 6-ft stroke to toss a 2400-lb test

vehicle 300 ft vertically. These sled tests measured the effects of humidity and temperature on
parachute performance. For example, the parachutes were soaked at temperatures of +1600F or
-65 0 F for 36 hours before the tests. These types of environmental tests could not be conducted with

aircraft drops or rocket boosting because of the long resoak time required to fly the aircraft to TTR
or to install the parachute in the rocket test vehicle. Hence, the sled-ejector system is a very useful
full-scale testing technique to qualify the parachute for the extreme temperature and humidity

conditions required in the design specifications.

Pepper. 1 conducted 28 sled-ejector tests of a 760-lb store to develop a 24-ft-diameter nylon/
Kevlar parachute and to test the store characteristics during impact on a concrete target. Figure 11.12

shows this store/parachute system impacting the concrete target. These tests were conducted at
parachute eeployment velocities of -610 to 1500 ft/s. The store was ejected about 120 ft vertically
after booster burnout, then the parachute was deployed with a gas-generator-powered telescoping

tube. A photograph of the ejector sled is shown by Pepper' in his Figure 4. These parachute packs
were also conditioned to temperatures of -65 0 F and + 1601F for long periods before the sled tests in
order to measure the effect of temperature extremes on parachute performance.

Pepper2
. 9

.
3 9

. utilized the sled ejector to develop small (19-in.-diameter to 6.4-ft-diameter) guide
surface or ribbon parachutes to recover (at sea) reentry vehicle nose cones weighing 40 to 130 lb. In
Reference 9.3, he describes the results of 12 sled tests in which he qualified the 19-in.-diameter ribbon
nylon parachute (with a 40-lb payload) at deployment dynamic pressures up to 2400 lb/ft2. In
Reference 2.11, Pepper describes the results of ten sled-ejector tests and five captive-sled tests in
which he qualified the 19-in.-diameter ribbon Kevlar parachute (with a 57-lb payload) at deployment

n $ n $H
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dynamic pressures up to 9000 lb/ft2. Lastly, in Reference 9.5, be discusses the results of five
sled-ejector tests in which he qualified a 6.4-ft-diameter Kevlar/nyloa ribbon parachute (with a 130-lb
payload) at deployment dynamic pressures up to 770 lb/ft2. It should be noted that these were all very
tight packs, because volume for a recovery system is at a premium in a reentry vehicle nose cone. In
addition, the recovery systems for the 40-lb and 57-lb payloads also included flotation bags. All three
of these recovery systems worked on the ICBM reentry vehicle flights; hence, good use was made of
this parachute sled testing capability for design purposes.

Figure 11,11. A 2200-lb store on an ejector sled on the Sandia track

Figure 11.12. Hard-target impact of store with 24-ft-diameter parachute after
Sandia sled track test

-4
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11.4 Other full-scale test methods

Balloon-launched parachute tests are discussed in the Parachute Design Guide, 2 ' by Ewing,
Bixby, and Knacke,"' and by Johnson!" ' However, this method of testing has not been used

extensively for high-performance parachute testing. The Parachute Design Guide, 21 Johnson,"' and
Paulsen"' s discuss testing at the Parachute Whirl Tower Test Facility in El Centro, California. The
Whirl Tower, which has been used for the development of high-performance parachutes, is 120 ft high;
a 60-ft arm extends out from near the top of the tower to which is attached a 116-ft-long cable with
the test gondola. The horizontal arm is rotated about the tower (with cable attached) at a maximum
speed of 40.5 rpm. Parachutes can be deployed from the gondola at speeds up to -430 knots.
Parachutes as large as 35 ft in diameter have been tested; the test vehicles weigh from 250 lb
(maximum-velocity tests) to 5000 lb (low-velocity tests). The test conditions are repeatable, and good
photographic coverage is possible since the trajectory of the test item can be controlled. The Whirl
Tower is no longer an active test facility.

Lin" 16 discusses the use of a 140-mm gun to launch (at a 45-degree elevation angle) a 66-Ib,

3-ft-long vehicle to test 32-ft 2 drag-area nylon and Fonlon ribbon parachutes at deployment Mach
numbers of 1.76 to 2.34. Pop-out fins are deployed after barrel exit to stabilize the vehicle until the
parachute is deployed. The aft 9-lb vehicle section is explosively separated (at a preset time) from the
51-lb nose section and deploys the test parachute for recovering the nose section. A second parachute
is used to recover the aft section. Fifteen successful tests were conducted using this gun launch
technique.

Downs and Bartlett" ' describe a new Royal Aeronautical Establishment compressed-air
parachute test vehicle launcher. The 600-lb/in2 , 15.7-in.-diameter gas gun is capable of launching
308-lb test vehicles at muzzle velocities up to 525 ft/s or to altitudes >3000 ft. Twenty-one firings at
elevation angles of 45 to 80 degrees have demonstrated the capability of this launcher for parachute
testing. The instrumented range is equipped with radar, cinetheodolites, high-speed cameras, and
video. The parachute test vehicles will be equipped with solid-state data recorders for measuring
outputs of the accelerometer, load cell, and pressure transducer. After recovery from the range, the
recorder is downloaded to a portable PC-compatible recorder.

Sandia has developed an aerial cable facility used for parachute and ordnance testing. It consists
of two parallel cables (100 ft apart) that span n mountain canyon 4800 ft wide. The height above the
ground at midspan is 600 ft. The cables are refeired to as the "Pull-Down Cable" and the "Trolley
Cable"; both are used for parachute testing. The trolley cable was originally developed for free-fall
testing of conventional ordnance, which might detonate on impact. Later, a rocket pull-down
capability was added to these facilities; this consists of a rocket test sled captive to a track to tow test
devices (using wire rope towing lines) from the overhead test platforms to ground test arenas.
Payloads weighing up to 2500 lb can be accelerated to velocities of 800 ft/s using this rocket pull-down
technique. Typical targets impacted are concrete runways, earth, water, steel, trees, rice paddies,
military vehicles, and tanks. Several camera stations provide high-speed photometric data. Both the
free-fall and rocket pull-down techniques have been used to test parachutes. Free-fall tests can be
turned around quickly, thereby providing an inexpensive method for full-scale (but low-velocity-
deployment) testing. Anemometers can be placed at selected elevations along the drop path to define
the wind fields. A net may be used in the drop-test impact zone for soft recovery of test vehicles.
Parachutes may either be predeployed or deployed during the cable test, depending on the test
objectives. A laser tracker data van provides telephoto 16mm color motion pictures and X,Y,Z
displacement and velocity data of test units during flight. Since the facility is in a remote
mountain/canyon area, tests involving large amounts of explosives can be conducted safely.

1!.5 'rest vehicles

The Parachute Design Guide, 2 ' Ewing, Bixby, and Knacke,' 7 and Johnson' discuss the design
and use of parachute test vehicles. Special-purpose test vehicles have been designed for gun-launched,
sled ejector, whirl tower, balloon drop, aircraft drop, aircraft rocket boost, ground rocket boost, and
other flight tests. There are literally dozens of descriptions in the open literature for the design of
parachute test vehicles. This section on test vehicles will be limited to a few representative vehicles
used for aircraft drop and ground rocket-boosted testing of high-performance parachutes.

The initial testing of a new decelerator system with a special test vehicle should not preclude
testing the parachute with a vehicle that reproduces the aerodynamic configuration of the actual store,
because the performance of the parachute can be significantly influenced by the flow field about the
actual store and the stability of the actual store. In some programs, the decelerator system may be one
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of several subsystems making up the total system. The components of the decelerator system must be
tested separately before being integrated into the total system. The parachute system designer should
employ the most realistic testing and test vehicles available to qualify the parachute system before
integration is accomplished.

11.5.1 Examples of test vehicle designs

A photograph of a parachute test vehicle on an F-7U aircraft is shown in Figure 11.13. This
24-in.-diameter, 223-in.-long test vehicle was used extensively by Sandia in the late fifties and early
sixties to test 16- to 40-ft-diameter heavy-duty ribbon parachutes at low altitudes at Mach numbers
0.6 to 1.0 (see Maydew and Blanchard' 2 ). The vehicle weight could be varied from -1750 lb to
2600 lb; two aft-mounted, aft-facing 16mm Fairchild cameras (film speeds of 80 or 200 frames per
second) were used to photograph the parachute deployment and opening. This film coverage of the
parachute opening was so valuable to the Sandia parachute designers (especially when deployment
anomalies or canopy failures occurred) that vehicle onboard cameras became "standard instrumen-
tation" for all parachute test vehicles, when the design permitted. The 4-ft-long spike facilitated
vehicle recovery and the test vehicles were used many times,

Figure 11.13. Sandia parachute test vehicle carried on F7U aircraft

Downing and Engstrom" 1
8 summarize parachute test vehicles and testing methods. They focus

on the design of rocket-boosted sled test vehicles and grouud.launched, rocket-boosted parachute test
vehicles. Kane and Barth"," describe the design of Sandia's supersonic parachute test vehicle, which
was used by Pepper ' and others to test 20-ft-diameter heavy-duty ribbon parachutes at dynamic
pressures up to 570G lb/ft. A sketch of this test vehicle is shown in Figure 11.14. Two different fin
spans were used with this supersonic parachute test vehicle.

Pilot parachute Short fin Sta. 285.8 in.

l -Drag doors

Long fin-

Telemetering section

Weight
Launch 2420 lb
Booster with fins 1280 ib
Second stage 1130 lb

Figure 11.14. Supersonic parachute test vehicle
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Samuels and Fournier"' cnducted extensive wind tunnel tests at angles of attack from -4 de-
grees to +20 degrees to determine the static longitudinal aerodynamic force and moment character-
istics of a decelerator test vehicle at Mach 0.6 to 2.86. The 1/4-scale model consisted of a spherically
blunted nose cone and a cylinder followed by a flare; three cone-cylinder pods were equally spaced
around the flare.

Moog, Sheppard, and Kross4' 2 describe the 48,000-lb drop-test vehicle used with a B-52 aircraft
to test the 54-ft-diameter drogue parachute and the cluster of 115-ft-diameter main parachutes for the
Space Shuttle Solid Rocket Booster recovery system. Because the SRB weight is 170,000 lb, it was not
possible to develop significant loads in more than one reefing stage of the drogue or main parachute
using the 48,000-lb test vehicle. The weight mismatch between the SRB and the test vehicle required
careful planning in the test program to demonstrate the capability of the drogue and the mains from
these drop-test vehicle test data. Moog, Sheppard, and Kross include a good description of the drop-
test vehicle.

Rollstin" "3 describes the rocket-boosted 800-lb parachute test vehicle used for testing 5-ft-
diameter ribbon parachutes at dynamic pressures up to 5000 lb/ft 2. This 13-in.-diameter, 10.5-ft-long
test vehicle is shown on the launcher at TTR in Figure 11.4. Figure 11.15 shows the vehicle in
supersonic flight-as evidenced by the attached shock waves-during booster burn.

Figure 11.15. Honest John boosted store

Hanlon and Poole ' 2 0 discuss the development of 2600-lb and 3400-lb test vehicles designed to
perform aircraft drop tests on two-stage parachute system, r cover sounding rocket payloads at
White Sands Proving Grounds, New Mexico, at terminal veiocities o, ?5 and 30 ft/s. The second-stage
parachute is 104 ft in diameter. The authors conducted IJ Arcraft diop tests at Edwards Air Force
Base, California, to flight-qualify these parachute systemns.

Johnson3 " developed a clu9ter of three 49-ft-diameter parachute. to decelerate the 3130-lb F-111
Crew Escape Module (CEM) to an earth impact velocity ',f 25 fts. The parachute test vehicle was
designed and used in the sixties, during the development of the original F-Ill parachute system, and
can only be dropped from the NASA B-52 operated by the Dryden Research Facility at Edwards AFB.
The test vehicle, shown in a sketch in Johnson's paper, has a parachute bay with a catapult system
that replicates the storage bay and catapult in the CEM. The vehicle is aerodynamically unstable, and
a 4-ft-diameter guide surface parachute is attached to the aft end to keep the vehicle stable until the
test parachute is deployed.

11.5.2 Onboard instrumentation

Johnson" ' summarizes test vehicle instrumentation systems. Instruments mounted on or within
the test vehicle are typically used to measure forces, accelerations, angular motion, pressures, and
sequencing of events such as booster sep, ration or parachute deployment. The data most useful to the
parachute designer are the drag forces produced by the decelerator. These data give the designer an
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indication of the accuracy of the calculations used to predict parachute performance and the
structural margins in the parachute. The drag force may be measured directly by a load cell or
tensiometer, or it may be calculated from the measured accelerations. Some mechanical methods for

i measuring drag have been used in the past, but these were not very accurate or reliable and are not

currently in use.

The data from the instruments on the test vehicle are generally transmitted to a ground receiving
station by a telemetry link. In FM telemetry systems, the physical quantity to be measured is
converted to an equivalent electrical signal. This signal is used to modulate the frequency of a 
subcarrier oscillator. These outputs are then mixed and used to modulate the frequency of the

transmitter. Telemetry systems are now being used that transmit the data as a digital signal. These
digital systems normally have greater accuracy than the FM type.

Another method of retrieving the data from the test vehicle is to store the data onboard the vehicle
during the test by the use of a tape recorder or one of the new solid-state memory devices. After the
test, the data can be read from the recovered vehicle and reduced to engineering data. Use of the
recorder or memory device eliminates the need for a telemetry receiving station, but it is assumed that
the test decelerator will not fail to such an extent as to cause the loss of the test vehicle and the data
storage device.

As mentioned earlier, some of the most valuable data for the parachute designer are obtained from
photographic coverage of the parachute deployment and inflation. Placing cameras onboard the test
vehicle is usually the best way of obtaining detailed pictures of the parachute inflation for correlation
with other data. Several types of cameras are available that will withstand the environment and
provide satisfactory data.

Maydew and Johnson' conducted 20 aircraft drop and 9 rocket-boosted flight tests to develop a
22.2-ft-diameter ribbon parachute. Two 16mm caweras (mounted between the store fins) operating at
200 and 1000 frames per second were used to photograph the deployment and opening of the
parachute for the rocket tests. An FM/FM analog telemetry system was used to record the
accelerations, time sequences, and pitot pressures. Maydew and Johnson used two different methods
for combining the onboard accelerometer data with the metric theodolite data in order to calculate the
parachute drag area versus time during the rapid store deceleration while the parachute was filling at
he transonic deployment conditions. They concluded that the accuiacy of dynamic pressure

(velocity) during periods of high deceleration (20 to 70 g) from the theodolite data was sufficient.

Pepper' conducted 31 aircraft drop and 11 rocket-boosted flight tests to develop a 24-ft-diameter
ribbon parachute. Two 16mm cameras (Photosonic, Inc.) operating at 200 and 500 frames per second,
mounted between the store fins, were used to photograph the parachute d'3ployment and opening for
the rocket tests. An 11-channel telemetry system measured accelerations,'d ecelerations, ram-air
pressure, and monitor functions.

Rollstin"' 1 and Peterson et al.' 2 conducted 19 rocket-boosted flight tesis to develop a 5-ft-
diameter ribbon parachute. Two 16mm cameras (Photosonic, Inc.) operating at 200 and 1000 frames
per second were installed and shrouded in the boattail section (see Figure 11.4) to view the parachute
during deployment and opening. A typical photograph of the parachute taken with the onboard
camera is shown in Figure 11.16. A telemetry system was used to measure accelerations/decelerations,
pitot pressure, and monitor functions. Rollstin" 13 did an error analysis of the onboard accelerometer
data combined with rada" and the cinetheodolite metric data. Instrumentation, telemetering, and/or
data processing anomalies may cause vehicle deceleration measurement errors-5 to 10 percent of the
measured values is not considered unusual. He developed a data reduction procedure to correct the
onboard acceleration measurements and to correct the flight environment traeking data. Some of
these corrected data are shown in Figures 11.8a and 11.8b. The axial accelerometers used for the store
instrumentation are of the piezoelectric type and have a range of 100 g. Typical deceleration levels
during the time of accelerometer-to-optical-track data match were from -5 g to -2 g. The extreme
sensitivity error coefficient was 4.8% for the eleven flight tests analyzed. The average sensitivity error
was 1.4%.

Behr" 21 developed a strain gauge load sensor to measure individual parachute loads in a clustered
parachute system. The load sensor consists of a clevis, a spool, and an instrumented clevis pin. This
small load sensor can be inserted in the main nylon or Kevlar load bridle to measure transient and
steady-state loads of individual parachutes. For flight tests, data can be acquired and telemetered to
a ground station, or an onboard data acquisition and storage system can be used.

.--.
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Figure 11.16. Inflation of a 5-ft-diameter Kevlar parachute at super-
sonic speeds, photographed with an onboard camera

Ryerson and Hauser" 2 developed a small onboard data acquisition system that has been used for
more than 50 flight tests at Sandia. This Stored Data Acquisition System (SDACS) is microprocessor-
controlled. The system takes data from up to eight analog gauge inputs and converts these analog
signals to digital data. The digital data are then stored in a memory for readout after the test. The
maximum sampling rate per channel is 1600 samples per second for this solid-state device; memory
size is 32,768 eight-bit samples. The typical battery life is one week. The microprocessor controller
allows the system's operation to be changed without changing any hardware. The SDACS is simple,
flexible, and inexpensive.

£
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CHAPTER 12

PARACHUTE DESIGN EXAMPLES

12.1 Background

Previous chapters of this AGARDograph have described the large number of options in parachute
type and rigging parameters available to the parachute designer. Facing the designer are an equally
large number of design, performance, and logistic requirements that somehow must be accommodated
in the final parachute design. Typical design requirements for high-performance parachute systems
include, but are not limited to, the parachute/payload shape, weight, and inertial characteristics; the
time, fall distance, or range allotted for deceleration to a prescribed velocity; the allowable maximum
or minimum decelerations to be generated by the parachute and imposed on the payload; and the
maximum unit cost of the parachute in production. In combination, some of these requirements can
be in conflict, requiring that trade-offs be proposed and evaluated during the design process. The
design process itself contains many options, such as knowing which analysis tools to use, when to use
them, where the applicable test data reside, and when to "declare ignorance" and generate new

technical insight, analysis tools, or data.

The purpose of this chapter is to provide examples of how designers have struggled with this
plethora of options and choices en route to designing a successful parachute system. Obviously, no two
design problems are alike, but previous examples may be useful in giving the designer a better feel for
how to use the technology base described throughout this AGARDograph. After discussing the issue
of how design requirements affect parachute system cost, examples of the processes used for
parachute design, taken from the literature, will be discussed in detail.

12.2 Cost trade-offs in parachute system design

A primary design consideration should be the cradle-to-grave costs of a parachute system. These
costs are influenced by such factors as total quantities produced, desired service life, maintenance
costs (including inspection and refurbishment), high-dynamic-pressure deployment performance
requirements, reliability requirements, allowable weight and volume, deceleration performance
requirements, deployment method, carrier aircraft or other aerospace carrier, cost of parachute
system relative to the payload, fabrication and packing costs of the deployment bag and canopy, and
test and storage environments.

The total quantities to be produced can influence the ratio of money and time spent on design
versus fabrication. For instance, if the intent were to produce 100,000 or even 10,000 units, it would
be cost-effective to spend money and time initially in designing for ease of fabrication and packing
(with appropriate jigs and fixtures, for example) in order to minimize the unit production costs.
Conversely, if only a few prototypes were fabricated for feasibility full-scale flight tests, the unit
production costs could be much higher (the parachute prototypes could be handcrafted, for instance)
so as to minimize the overall program costs.

The length of the intended service life can influence the cost of a parachute design. In designing
a parachute for a 20-year service life, one must pay careful attention to the selection of materials and
how their strength degradation and other properties would be affected by time and type of storage.
Degradation of materials is discussed in Section 8.4. Usually, a parachute designed for a 20-year
service life will cost more per production unit than one designed for a 1-year service life. Some
parachute systems have a limit d service life due to materials degradation in the parachute or
degradation of chemical components, such as the explosive train of the pyrotechnic reefing line
cutters. If the payload system is designed for a 20-year service life, then it may be necessary to
disassemble the payload, remove the parachute system, inspect it, rework it, and reassemble it in the
payload. This may require shipping the payload back to its refurbishment base. The costs of shipping,
disassembly, refurbishment, reassembly, etc., should all be considered in the original design of the
parachute system.

Deployment of high-performance parachutes for high-dynamic-pressure deployment can greatly
influence the cost of the deployment system, the deployment bag, and the canopy. The asymmetric
airflow around an aircraft flying at transonic or supersonic speeds can cause excessive store motion,
which may induce line sail during deployment of the parachute. Line sail is also caused by insufficient
pilot parachute drag, which is in part due to nonuniform inflation of the pilot parachute in this
asymmetric/nonsteady flow field. The design of deployment bags (Section 9.3) with the right t
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combination of line ties, canopy ties, etc., needed to perform properly in this adversarial environment
can increase the bag fabrication costs and, in particular, the packing procedures and the resulting
packing costs. For example, a Teflon liner may be a necessary design feature of the deployment bag
to prevent burning of the canopy and suspension lines during high-speed deployments when bag strip
velocities may reach several hundred feet per second. The use of Kevlar instead of nylon can increase
significantly the cost of the parachute, but that may be the only way to meet the deceleration
requirements with limited parachute system weight and volume. Kevlar drives up the cost, but
sometimes it is necessary to use Kevlar in order to meet the overall system requirements. In addition,
the structural safety factors used in the design and the allowable weight and volume of the parachute
pack may drive the design and increase its cost.

Reliability requirements may also increase the cost of a parachute system. Section 10.2.3 addresses
the reliability issue. Table 10.3 shows that 145 successful flight tests are required to demonstrate a
parachute system reliability of 0.995 with a 50% confidence level. Decreasing the required reliability
to 0.95 greatly reduces the number of flight tests (only 14 required) and the expense. This reduced
expense is especially true if high-performance fighter or bomber aircraft are used for the flight tests.
Another trade-off in the cost of a parachute system design is the safety factor of ribbons and
suspension lines versus reliability. The factor of safety, of course, depends on the accuracy in
predicting the transient pressure distribution around the canopy during inflation (Chapter 5) and the
corresponding stresses from the CALA or CANO codes (Chapter 6). Figure 6.3 illustrates the typical
design margins used by Sandia for high-performance parachutes; the ratio of maximum load to rated
strength of a textile member is 0.46 or below.

Another cost trade-off to consider is the cost of the parachute system relative to the payload. This
is particularly true of man-rated systems, but it applies to inanimate payloads as well. A good example
is the NASA Space Shuttle SRB recovery system. Tallentire 121 reports that successful recovery of the
two solid rocket boosters, for subsequent refurbishment, results in a net saving of about $39M per
mission, compared to the cost of expendable boosters, Since the unit cost of the SRB parachute
recovery system is about $250,000, the cost leverage or advantage of recovering the SRB is very high.
Hence, it was cost-effective to commit considerable monies up-front for the analytical design, wind
tunnel testing, subscale flight testing, jigs and fixtures for fabrication and packing, and stringent
quality control measures to obtain the most reliable recovery system possible. An intangible
advantage of SRB recovery (which might be cost-effective) is the posttest inspection of the recovered
booster case in order to study the effects of motor burn, vibration, aeroheating, dynamic loading, etc.,
on the booster case. Successive posttest inspections might reveal unsuspected design flaws that could
be corrected before the SRB is tested again.

Johnson" s ' developed inexpensive 8-ft-diameter parachute systems to recover 12-in.-diameter,
275-lb rocket payloads at sea for scientific experiments for Los Alamos National Laboratory and
Lawrence Livermore National Laboratory. The total recovery costs for each payload, which included
the leasing cost of the recovery ship or helicopter, was about $3000. Some of these payloads, which cost
up to $250,000 each, were recovered several times (as many as eight) for refurbishment and reuse; this
is another example of cost leverage and points to the importance of having a reliable recovery system.
In addition, some of the scientific data were recorded onboard (x-ray detectors, for example) and not
telemetered; therefore, payload recovery was very essential.

12.3 Design of a staged parachute system for low-altitude payload delivery

Behr9'13 designed and tested a parachute system for the High-Speed Airdrop Container (HISAC)
to be used by the U.S. Army to replace its current standard high-speed aerial delivery container,
the CTU-2/A. The HISAC parachute system requirements (see Cyrus and Thibault 12 '

.
2 ) were that

it decelerate an 825-lb payload delivered from an aircraft at 300 ft above ground level (200 ft
was desired) at velocities as low as 300 knots indicated airspeed (KIAS) and as high as Mach 0.95
(-630 KIAS at sea level). The container was required to impact the ground at less than 40 ft/s and
strike within 20 degrees of vertical. Container longitudinal decelerations could not exceed 30 g. The
weight limitation of the parachute system was -80 Ib; there were no rigid specifications on the
allowable parachute volume. The primary aircraft carriers used would be the F-16 A/B/C/D and the
F-111 D/E/F.

The preliminary parachute system design was done by Nellums. 12.' Selection of the type of canopy
for a particular application depends on such factors as cost, deployment dynamic pressure, store mass,
allowable recovery system weight and volume, drag coefficient, required system stability, parachute
size, and deceleration performance specifications. The general application of these high-performance
parachutes, as well as the range of drag coefficients and the average angle of oscillation, is given in
Table 3.1. Nellums considered three types of systems: a single main parachute, a cluster of three main
parachutes, and a lifting parachute. All have advantages and disadvantages. The advantage of a single
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main parachute is its simplicity; its disadvantage is the large moment of inertia about the pitch axis
and, hence, poor rotation or turnover characteristics. The advantages of a cluster of main parachutes
are improved reliability and a lower moment of inertia about the pitch axis-hence, improved
turnover characteristics. The disadvantages are the added complexities of rigging and their higher
costs. The advantage of a lifting parachute is its ability to trade velocity for altitude, thus yielding the
lowest possible release altitude. Its disadvantage is the added complexity and weight of a vehicle
roll-control system to maintain the orientation of the lifting parachute, thereby making the entire
system the most costly of the three types considered. The desire to minimize the unit costs of the
HISAC eliminated from consideration the lifting parachute. A preliminary study suggested that a
clustered main system would best meet the HISAC design requirements.

Nellums' 23 used the INFLAT code developed by Wolf '2 and McVey and Wolf' 0 for the
preliminary design. Nellums presents calculations for a 4.6-ft-diameter ribbon drogue parachute,
which acts for 0.55 s and then deploys a cluster of three 21-ft-diameter ribbon parachutes (each with
two reefing stages: a 6-ft-long reefing line that acts for 0.63 s followed by a 12.5-ft-long reefing line that
acts for 0.32 s). His computer calculations assumed an aircraft release velocity of 1116 ft/s at an
altitude of 300 ft with a vertical velocity of 16 ft/s. He plots deceleration, trajectory angle, velocity,
angle-of-attack, and range versus altitude for this calculation. The results showed that, at 175 ft below
the aircraft, the HISAC store velocity was 40 ft/s, the trajectory angle about 80 degrees, and the angle
of attack about 10 degrees. These INFLAT calculations, however, were used only as general guidelines
for the HISAC parachute system design because the approximations of the INFLAT model, especially
when applied to a cluster of parachutes, limit the expected accuracy of the predicted peak inflation
loads and angle of attack during turnover. However, these INFLAT calculations for the HISAC
system showed that the weight of the parachute system would exceed the maximum 80-lb weight
limitation of the design. This unacceptable weight and the desire to minimize costs led to a review of
existing parachute systems in search of an on-the-shelf main parachute that would be feasible for
HISAC application.

At this stage in the design process it was decided that flight testing, using a full-scale HISAC test
vehicle and an A-7 aircraft, would be required to prove out these very stringent design requirements
of impact velocity and impact angle for a very low altitude release. Thus, three parachute systems were
flight-tested and their test results compared with the design requirements. Three parachute systems
were proposed as alternatives to Nellums' original design. All three systems employed a reefed and
staged ribbon drogue parachute that, in turn, deployed the main parachute(s). The main parachutes
were either (1) a cluster of two reefed, 22-ft-diameter ringslot cargo extraction parachutes; (2) a single
reefed, 35-ft-diameter high-strength T-10 personnel parachute; or (3) a cluster of three standard
35-ft-diameter T-10 personnel parachutes. The results of the flight tests showed that the store impact
velocities for the two ringslot parachutes exceeded the 40-ft/s requirement. The store impact velocity
for the single high-strength T-10 main parachute met the requirement of 40 ft/s. However, the vertical
fall distance of the HISAC store to a 70-degree impact angle slightly exceeded the 300-ft requirement.
Thus, the performance of the high-strength T-10 system was very marginal. The cluster of standard
35-ft-diameter T-10 parachutes produced results well within the specified requirements. Moreover,
the main parachutes were not reefed, which minimized the complexity of the system. Based on these
flight test results, the decision was made to use the cluster of three T-10 parachutes as the baseline
design.

The parachute system consisted of the tail plate, the drogue parachute and bag, the staging
system, the main parachutes and bag, and various bridles. The tail plate initiates the deployment by
pulling the drogue parachute and bag out of the vehicle. This base plate is discussed in Section 9.2.4.
The drogue parachute, which was designed specifically for the HISAC program, was required to
decelerate the vehicle from a maximum dynamic pressure of 1330 lb/ft2 down to a safe deployment
dynamic pressure for the T-10 main parachutes of -200 lb/ft2 . An 8.5-ft-diameter, 20-degree conical
nylon ribbon parachute was designed to meet these requirements. The parachute is constructed of
nineteen 2-in.-wide ribbons, with 0.625-in. gaps between ribbons, yielding an overall porosity of 19 %.
It contains 16 gores and is made with 1-in.-wide, 4000-lb suspension lines. The parachute is initially
reefed with a 112-in. reefing line yielding a reefed diameter of -3 ft; this results in a drag area of-14 ft 2. The reefed parachute, if deployed at the maximum dynamic pressure, would produce a

maximum drag (opening-shock force) of -18,600 lb or a peak deceleration of -22 g, well within the
30 g design limit. Two pencil reefing line cutters installed at the skirt of the parachute are actuated
mechanically upon parachute line stretch. A pyrotechnic delay (0.8 s) allows the drogue parachute to
operate initially in the reefed state. After the delay, the reefing line is severed and the parachute is
allowed to inflate. Details of the drogue parachute, the staging system, and the main parachute system
are given by Behr.9"1'
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12.4 Design of a 24-ft-diameter Kevlar/nylon ribbon parachute

This parachute was intended as a replacement for a 17-ft-diameter conical ribbon nylon
parachute. The design goal was to double the drag area of the 17-ft parachute. However, the new
parachute system could not exceed the packed weight and volume of the 17-ft-diameter nylon
parachute. The parachute designer was provided with the following design requirements:

1. The store weighs 760 lb, is 142 in. long, and has a maximum diameter of 13.3 in. Space
available in the aft end of the store for the parachute is a cylinder 9.1 in. in diameter and
51 in. long with an additional conical extension tapering to 5 in. in diameter in a 5-in. length.
The telescoping-tube deployment system, which is concentric to this cylindrical envelope, is
2.4 in. in diameter and 56 in. long. Net space available for the parachute bag is 2.1 ft', and the
allowable parachute weight is 90 lb.

2. The store is released at aircraft velocities of 330 to 800 KCAS, at altitudes as low as 50 ft
above flat terrain or as low as 100 ft above irregular terrain from sea level to 10,000 ft altitude.
To avoid damage to the aircraft, the parachute is deployed 0.3, 0.6, or 1.5 s after release,
depending on the type of carrier aircraft. The objective of the parachute design is to minimize
impact velocities. The maximum ejection velocity (vertically downward) is 16 ft/s.

3. The maximum angular oscillation of the parachute must be <5 degrees.

4. The time to line stretch after parachute deployment must be <0.2 s.

5. The requirement for trajectory repeatability is that the standard deviation of the variation in
parachute opening time and drag on the range dispersion should not exceed 75 ft.

6. The design peak load on the store should not exceed 120,000 lb with the parachute at a
10-degree angle of attack.

7. The parachute must function properly after being completely soaked at temperatures ranging
from -65*F to +220'F.

8. The parachute will be protected from free moisture, jet fuels, lubricants, and hydraulic fluid
but not from their fumes, or from humidity or ozone.

9. The parachute system's storage/service life must be 25 years.

12.4.1 The deployment system

A telescoping tube, mounted along the centerline of the parachute pack and powered by a gas
generator (Figure 12.1), is used to eject the parachute pack aft from the vehicle at a relative velocity
of about 165 ft/s. The gas generator can be fired at 0.30, 0.60, and 1.5 s after aircraft release. This
deployment system is described in Section 9.2.4. The tail can and deployment bag are permanently
attached to the vent region of the parachute by four 9000-lb nylon straps to prevent them from
colliding with the canopy as it inflates and the system rapidly decelerates. The high strength and
number of these straps is indicative of the extreme difficulty of controlling deployment hardware and
bag at high bag strip velocities.

12.4.2 Main parachute and deployment bag design

In order to double the 17-ft parachute's drag area without increasing the weight, it was necessary
to use Kevlar 29 in this parachute. This synthetic material, produced by DuPont, has a fiber tensile
strength >400,000 lb/ft , compared to 100,000 lb/ft2 for nylon. Kevlar is described in Section 8.2.
Higher opening-shock loads were anticipated from the use of Kevlar in this parachute because of its
low ultimate elongation (-5% for Kevlar vs. 25% for nylon). Pepper8 7

,
8 8 conducted exploratory

free-flight deployment tests of a 12.5-ft-diameter Kevlar conical ribbon parachute and demonstrated
that parachute weight and volume could be reduced by 50% by using Kevlar in place of nylon. He
designed a 24-ft-diameter hybrid (Kevlar and nylon) parachute to decelerate this 760-lb store.

_I -
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i This 20-degree conical ribbon parachute has 24 gores and suspension lines. The gore constructionis shown in Figure 12.2. The parachute is made of fifty-four 2-in.-wide continuous horizontal ribbons

and seven vertical ribbons per gore. The vertical ribbons are made of double 1/2-in.-wide, 550-b
Kevlar tae. The top 21 horizontal ribbons (ribbon 1 is the vent band) are made of 2-in.-wide, 3000-lb
reinforced -selvage nylon. Nylon was used because the differential circumference between the upper
and lower edges of each continuous ribbon could cause stress concentration and failure of the
low-elongation Kevlar. Smaller-width 1-in. Kevlar ribbons could have been used, as was done by
Pepper, ' 'i but the savings in both weight and volume would have been small because of the short
length of t theop ribbons. Nylon was a more conservative and forgiving approach-recall a theis was

one of the earliest uses of Kevlar in a high-performance parachute system. Ribbons 22 through 31 were
made of 2-in.-wide, 2000-lb Kevlar. To add gradual fullness, ribbon 22 was made 4 percent longer than
normal; this fullness was graduated linearly to zero at ribbon 29. The fullness was added to preventstress concentration in ribbon 21 (3000-1b nylon) and ribbon 22 (2000-1b Kevlar). Ribbons 32 through

54 (skirt band) were 2-in.-wide, 1000-lb Kevlar. The vent band was made of 1-3/4-in.-wide, 10,000-lb
nylon and the skirt band was made of i-3/4-in.-wide, 15,000-lb Kevlar. The suspension lines were
made of 1-3/8-in.-wide, 13,500-lb Kevlar. The lines were constructed over the canopy with the
figure-eight construction (one splice for four suspension lines); the lines were 28 ft long from
suspension line lug loop to skirt band.

A major contribution to the stress analysis of high-performance parachutes was made by a group
at Northrop Corporation (Mullins et al.3. 39 ) in the early 1970s during the design of the Apollo
parachute system. This code, termed CANO, has been modified by several groups (see Section 6.2),
and has been used extensively by Sandia and other organizations for about the last 15 years for the
stresans nsdesign of high- performana parachutes. However, the CANO structural analysis code

was made operational on Sandia computers after this 24-ft hybrid parachute was designed by Pepper
in late 1975. Pepper drew on his long parachute design experience to select the graduation of ribbon
strength (from 3000 to 1000 lb) from vent to skirt. CANO code calculations in 1977 validated his
selection of ribbon strengths, and by this time flight tests had also validated his design.

'i he fabric portion of the parachute and bag, which weighed 90 lb, was packed to a high density
of 43 lb/ft3 in a pack volume of 2.1 ft. A photograph of tbk parachute pack is shown in Figure 9.15.
The deployment bag design and construction are discussed in Section 9.3.3. The time sequence for
deploying this 24-ft-diameter parachute is given in Table 5.1, along with the breaking strength of the
line and canopy ties. These design features came from the knowledge base of Pepper and the
experienced technicians in Sandia's Parachute Laboratory.

Canopy

Piston rings compartment Suspension
Outer tub 0 line 7 Load ringI ........ compartment

Reefing cutters Gas generator

Aft end Inner tube Cables abov

Pusher cup Canopy retainer retainer loop

1500-lb nylon loop

Figure 12.1. Sketch of 24-ft-diameter parachute pack and deployment system
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Vent band
10,000-lb nylon

13 in.

Ribbons 1 through 21
3000-lb selvage nylon

54 in.

Ribbons 22 thrctgh 31 1
2000-lb Ke.lar

28 in.

Ribbons 32 through 54
1000-lb Kevlar Spacing, all

(2) 50-lb 6 in.ribbons =0.56 in.
Verticals 5 n

Skirt band
15,000-lb Kevlar..

I-" 24 Suspension lines,
1U'.500-lb Kevlar

3.14 ft --] 1-1/8 in. wide, 28 ft long

Figure 12.2. Core design "or 24-ft-diameter ribbon parachute

12.4.3 Flight test verificationi

Pepper'" used the Sandia ilncket Sled 'Iraok '.ee Section 11.3.3) for the initial free-flight testing
of this 24-ft-diameter Kevlar/uylon parachute at deployment speeds of 610 to 1500 ft/s. A photograph
of the store impacting a concrete iarget at h. lc ' t. ick is shown in Figure 11.12. Better photographic
coverage could be obtained from the sled track trsts because of its more carefully controlled test
conditions.

Knacke' s developed a useful correlation of drag coefficient versus pc.rosity for - number of
parachute types. This correlation is presented in Figure 12.3. However, Pepper use hight tests to
investigate the differences in parachute performance caused by the effects of geometric porosity.
Canopy porosities of 26.5%, 20%, and 18% were investigated in the initial flight tests by varying the
number of horizontal ribbons (50, 54, and 56, respectively) in the 24-ft canopy. Very little was known
in 1976 about the effects of porosity on the filling time and op3ning shock of a KevIar/rylon hybrid
canopy. Sled test results suggebted that the filling time was too long with the 50-rib's,, design, and
that the peak loads were too high -,ith the low-porosity, 56-ribbon design. Hence, the 54 ibbon (20%
porosity) canopy was selected as the "aseline design early ir the development program.

Seventy flight tests' ' (28 sled tests, 31 gircraft drop tescs, and 1 1 rocket-boo.ted uvortests) were
conducted to verify the parachute design These low-ahitude tests were conduted at parachute
deployment speeds of 580 to 1800 ft/s and at dynamic pressures of 3..0 to 2800 lb/ft2 . Figure 12.4 is
a photograph of the parachute and the attached deployment bag after a sled test. The repeatability
of the deployment time (from gas generator fire o suspensinn line stretch) as a function of dynamic

-i.,
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pressure at gas generator fire is shown in Figure 12.5. The mean time of -0.23 s is relatively constant
as a function of dynamic pressure, as would be expected for a positive pack-ejection-type deployment
system. The canopy filling time from suspension line stretch to full-open as a function of dynamic
pressure at gas generator fire is shown in Figure 5.12b. The filling times vary from -0.2 s to -0.9 s,
with the mean -0.35 s to 0.4 s. Equation 5.33 (from Knacke' 8) predicts a decrease in filling time from
-0.6 s to -0.2 s as the deployment velocity increases from 600 to 1800 ft/s. However, the scatter of
the filling time data precludes any definitive statement about the decrease of filling time with an
increase in dynamic pressure. Similarly, the filling time data in Figures 5.12a, c, and d do not
definitely prove that filling time decreases with increasing dynamic pressure. Perhaps the canopy's
effective porosity increases with deployment dynamic pressure (due to cambering of the horizontal
ribbons, which increases the porosity and the mass outflow) such that the canopy filling time is
essentially constant.

The maximum deceleration drag loads on the store during parachute opening for rocket-boosted,
sled, and aircraft drop tests are plotted in Figure 12.6 as a function of the dynamic pressure at gas
generator fire. These measured deceleration loads compare fairly well with Knacke's' s empirical
method (Eq. 5.31), where the opening-shock factor is given in Figure 5.11 as a function of store weight
divided by CDS. Figure 12.7 compares the measured velocity decrease of the store with altitude
decrease (fall distance) with trajectory calculations for both point mass and two-body 6-DOF
calculations for a typical aircraft drop test. Measured wind data from towers and radar-tracked
balloons (see Section 11.2.3) were used to back out the no-wind measured trajectory shown in
Figure 12.7. The no.wind data agree fairly well with the two-body 6-DOF trajectory calculations.
A photograph of the parachute full-open (taken with an onboard Photosonic camera-see
Section 11.5.2) during a rocket-boosted test is shown in Figure 12.8.

The 70 development flight tests verified the adequacy of the parachute design, and the system was
placed into production. Many subsequent flight tests verified that the design meets the design
requirements.

1.4 ,

1.2-

1.0 0,,
S 08 0 C1,(,= 2 (0.5 -XT)

0.2

0.00 5 10 15 20 25 30 35 40 45

Total porosity, XTw

Parachute configurations

o Solid circular (11.9 ft dia) o 30-deg Conical ribbon (6.9 ft dia)
* 10-deg Conical (100 ft dia) o Ringslot (11.9 ft dia)
o Ringsail (88 ft dia) a 30-deg Conical ribbon (11.9 ft dia)
o Flat ribbon (8.7 ft dia) n 1/4 Sphere (11.9 ft dia)
v 30-deg Conical ribbon (4.5 ft dia) 0 14.3% Full extended skirt (67.3 ft dia)
0 20-deg Conical ribbon (8.4 ft dia) * 25-deg Conical ribbon (16.5 ft dia,
A Flat ribbon (10.5 ft dia) Apollo ELS)

Figure 12.3. Effect of canopy porosity on drag coefficient for various
parachutes (taken from Ref. 1.8)
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Figure 12.4. Recovered 24-ft-diameter parachute, after sled test
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Figure 12.6. Opening-shock deceleration loads of 24-ft-diameter ribbon
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diameter parachute
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1118

Figure 12.8. Photograph of a parachute taken by an onboard camera during
rocket-boosted overtest

H
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12.5 Design of a high-performance 46.3-ft-diameter Kevlar/nylon parachute

The parachute designer was furnished with these design requirements:

1. The store is 144 in. long, 18 in. in diameter, and weighs 2465 lb; it must be compatible with
B-52, FB-111, and B-1 aircraft. Allowable volume in the aft section of the store for the
parachute is a 16.8-in.-diameter, 45-in.-long (5.7 ft3) cylinder.

2. The release conditions depend upon the delivery aircraft. Delivery velocity ranged from
300 KCAS to 800 KCAS (relaxed from 800 to 660 KCAS late in the development program)
and release altitude could be as low as 150 ft above ground level. Parachute deployment delay
times ranged from 0.4 s to 0.8 s.

3. Ground impact altitudes may vary from sea level to 10,000 ft, and the target types may vary
from hard flat to hard irregular. F

4. The specified impact velocity is 65 ft/s or less at mean sea level (MSL) and 70 ft/s at 5000 ft
MSL.

5. The parachute system service life must be 20 years with no retrofits or repacks.

6. The maximum allowable axial deceleration load on the store during parachute inflation must
not exceed 100 g.

12.5.1 The deployment system

The 46.3.ft-diameter nylon/Kelvar ribbon main parachute is deployed by a cluster of three
3.8-ft-diameter ribbon pilot parachutes deployed by an explosively ejected vehicle base plate. These
pilot parachutes are packed in a bag attached to the base of the main parachute bag (see photograph
of main parachute pack in Figure 9.17 and pilot parachute bag in Figure 9.18). Initially in the
development program, a 5-ft-diameter ribbon pilot parachute was used, as discussed in Section 9.2.2.
However, on a supersonic delivery flight test, the 5-ft-diameter parachute collapsed shortly after
initial inflation, causing severe line sail (as shown in Figure 5.3) and main canopy damage. A line sai!
code developed by Purvis 5' 2 '5 3 was used to redesign the pilot parachute system, also described in
Section 9.2.2. The line sail numerical simulation is compared with the flight test data in Figure 5.3.
The design of the 3.8-ft-diameter conical ribbon parachute is described in Section 9.2.2.

The INFLAT parachute inflation code 5'1 '5 .
28 was ,sed to help predict the performance and

deceleration load of the pilot parachute cluster. INFLAT approximates the parachute canopy as two
mass nodes connected elastically to each other and to the payload. Tension forces in all elastic
members, fluid inertia forces, aerodynamic forces (obtained empirically from scale-model subsonic
wind tunnel tests), and gravitational forces are summed at each node to determine total inflation
loads, inflation rates, and system trajectory parameters during inflation. The limitations of the
INFLAT code for design use are outlined in Section 5.3.2.3.

A detailed stres,, analysis of the pilot parachute was performed using the CANO computer model
(Ref. 3.39) in conjbnction with experimental canopy pressure distributions. CANO models the
continuous ribbons, radials, vent reinforcement, and skirt reinforcement as finite membrane elements.
The maximum inflation loads calculated with INFLI r were used with CANO to calculate the
quasi-steady loads (not flutter loads) in each ribbon and radial element. CANO also predicts the
inflated shape of the canopy for the given pressure distribution and axial load.

Wind tunnel tests were used to measure the drag cluster efficiency factor for unreefed ribbon
parachutes (Figure 4.29) as a function of number of parachutes in the cluster and the riser length.
Figure 4.25 plcts the drag cluster efficiency factor for reefed ribbon parachutes, as determined from
subsonic wina tunnel tests. These data helped the designer size the pilot parachutes used in this
system.

The pilot parachute cluster minimizes the losses in parachute drag due to the payload wake
effects, especially shortly after release, when the payload is flying at supersonic speeds in the flow field
surrounding the delivery aircraft and at a large angle of attack at the time of parachute deployment.
Methods for estimating the drag loss due to forebody effects are discussed in Section 4.2.6. Figure 9.4
compares cross sections of payload wake with those of the inflated 5-ft-diameter single pilot parachute
and the cluster. The payload wake usually flows directly into a single canopy, but it can flow between
the canopies of a cluster. Even if the wake causes one of the parachutes to collapse, the other
parachutes in the cluster can continue to deploy the main parachute. For these same reasons, a cluster
of parachutes may be preferable to a single parachute for use in the severe aircraft-induced flow field,
where parachute deployment usually takes place. The parachutes in the cluster are tied to each other
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at the skirt by 9-in.-long nylon tether lines to prevent the parachutes from flying at an excessive angle
of attack.

A series of photographs illustrating an orderly deployment of the 46.3-ft- diameter parachute
using the cluster is shown in Figure 5.2. Johnson and Peterson3

.
6 report that the cluster of three

3.8-ft-diameter pilot parachutes eliminated line sail problems at all aircraft release velocities except r
at 800 KCAS. At this highest velocity, the pilot parachute cluster experienced a reduction in drag
caused by the shock waves emanating from the aircraft and the wake generated by the payload flying
at angles of attack approaching 25 degrees; the pilot parachutes would not stay fully inflated in this
severe environment. In the absence of the aircraft shock waves and payload angle-of-attack effects,
however, the cluster provided high drag and no line sail (as has been observed in seven sled and rocket
tests at deployment velocities between 800 and 860 KCAS). Bag strip velocities were hi-h (400 to
450 ft/s for deployment velocities of 660 KCAS), but were necessary to obtain orderly deployments at
the low 300 KCAS release condition. These high bag strip velocities occasionally caused the two
suspension lines carrying the reefing line cutters to fail. However, these two failed suspension lines do
not create a parachute reliability problem or cause an appreciable loss in parachute performance. No
damage to the pilot parachutes occurred on any of the tests.

12.5.2 Design and flight testing of first prototype (40-ft-dia) main parachute

The INFLAT 5 
10,5.28 parachute inflation code was used to help predict the performance of the

main parachute. The original design was a 40-ft-diameter conical ribbon parachute with 60 gores and
continuous ribbon and all-radial construction (see Johnson 5 and Figure 3.2). The CANO3 "9

structural analysis code, in conjunction with wind-tunnel -measured canopy pressure distributions,
was used to determine the canopy stresses and materials.

The 40-ft parachute had to be reefed to control inflation loads at the maximum deployment
speeds. Table 4.1 presents the effect of reefing ratios on the drag and the static stability of several
high-performance parachutes as determined from subsonic wind tunnel tests. A correlation by
Purvis 4

.
s of drag coefficient versus diameter ratio (inflated diameter/constructed diameter) for

subsonic speeds for solid and ribbon canopies is presented in Figure 4.2. This is a useful correlation
for preliminary designs of reefed parachutes. The inflated diameter depends, of ceurse, on reefing
ratio, geometric porosity, and the number of gores. The effect of reefing ratio on the drag area ratio
(reefed drag/full-open drag) of conical ribbon parachutes, as determined from wind tunnel and flight
test data, shown in Figure 4.27 is an excellent correlation for design purposes. This correlation was
formulated as part of the aerodynamic design of the 54-ft-diameter drogue parachute for the SRB
recovery system. Knacke" 8 developed plots of reefing ratio versus drag area ratio for five parachutes,
including ribbon, ringslot, and ringsail; these plots are shown in Figure 12.9.

The reefing line selected for the 40-ft parachute was 21 ft long (increased to 23 ft after the first
two flight tests). It was cut 0.9 s after parachute deployment. The reefing line length and the disreefing
time were selected to produce predicted reefed and disreefed decelerations of 85 g (187,000 lb) at this
release condition. The reefed drag area was about 20 % of the full-open, terminal descent drag area of
673 ft2.

Thirteen flight tests (three ejector-sled, two rocket-boosted, and eight aircraft drop tests) were
conducted with this 40-ft-diameter parachute. The fourth flight test, PDU-4, was conducted at TTR;
the A-7C aircraft released the store at 514 KCAS at 2051 ft above the terrain. The main parachute
developed a peak deceleration of 32 g, as predicted, and inflated from canopy stretch to full-open
diameter in 0.98 s. No damage to the parachute was observed. Shortly after reaching its full-open
diameter, however, the canopy of the main parachute experienced a major collapse (Figure 5.13).
Opposite sides of the canopy skirt almost touched, and there was risk that the suspension lines or cut
knife lanyards could become entangled. The main parachute recovered from the collapse and
eventually reinflated. This wake-induced collapse is discussed in more detail in Section 5.3.3.

A thorough review of the PDU-4 flight test films suggested that the parachute collapse
phenomienon is caused by the mass of air behind the parachute canopy. As the 40-ft parachute
decelerates the store, it takes the momentum from the store and transfers it to the wake of air behind
the canopy. The parachute decelerates the store so rapidly that the energetit, wake catches up to the
parachute and recontacts it from behind. When this happens, there is a higher pressure acting on the
out.ide of the canopy than inside the canopy, causing the canopy to collapse. A series of flight tests
of 26.5-ft-diameter solid-canopy parachutes and 20-ft-d:Laeter ribbon parachutes were conducted at
the Sandia Rocket Sled Track to assess this model of collapse. The collapse phenomenon was
reproduced in these tests, and the model of collapse was confirmed experimentally by attaching
colored streamers to parachute canopies and observing their motion as the wake approached the
canopy from behind.
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In addition to conducting flight tests to provide insight into the collapse phenomenon, a few flight
tests were proposed to evaluate modifications to the 40-ft parachute that could possibly reduce the
severity of collapse. Jt was postulated that wake recontact of the canopy is aggravated by the sudden
shedding of vorticity at the skirt as the canopy diameter exceeds the steady-state, full-open diameter
at the end of the canopy inflation process. If this is true, then the use of a permanent reefing line to
prevent the 40-ft parachute from overinflating could reduce the severity of parachute collapse. The
40-ft parachute was fitted with a 77-ft-long permanent reefing line at the canopy skirt for three flight
tests (conducted at deployment dynamic pressures of 295 to 18K) lb/ft2) to observe the effect of the
permanent reefing line on collapse. In each test, the deformaticn of the canopy due to wake recontact
was not as severe as in tests where no permanent reefing line was used. Similar results were obtained
at the Sandia Rocket Sled Track when 26.5 ft solid canopip, and 20-ft ribbon parachutes were tested
with and without permanent reefing i ies. However, these tests did not confirm that shedding of
vorticity at the canopy skirt was the principal cause of wake recontact and subsequent parachute
collapse. It is possible that permanent reefing alleviates parachute collapse because it decreases the
drag area of the parachute and allows the parachute to outrun its wake. Althoul, it was apparent that
the 40-ft main parachute had to be redesigned to minimize canopy collapse, more flight tests of the
baseline 40-ft parachute configuration were conducted to obtain a data base on parachute collapse,
inflation characteristics, and the structural integrity over the full range of deployment dynamic
pressures.

Of particular interest were the flight tests at Tonopah Test Range to assess the structural integrity
of the main parachute and to evaluate the accuracy of the CANO canopy stress prediction code. Two
rocket-boosted flights (using Honest John boosters) were conducted to obtain higher deployment
dynamic pressures than could be achieved using A-7 delivery aircraft. The deployment dynamic
pressure of one rocket-boosted test was 2403 lb/ft2; this represents a 13% overtest with respect to
maximum design dynamic pressure. The 40-ft main parachute developed a peak deceleration load
during the reefed stage of 216,000 lb, the highest load for a Sandia-developed parachute system. No
parachute damage caused by inflation loads was observed on this flight, which is in agreement with
CANO predictions. Parachute deployment damage (which may occur when the canopy skirt exits the
deployment bag) was negligible. Damage to the 500-lb horizontal ribbons near the skirt was observed;
this was believed to be from the tearing caused by the fluttering of the skirt ribbons before the ribbons
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are aerodynamically loaded (before full inflation). The maximum loads, which occurred during the
reefed stage, are plotted in Figure 12.10 as a function of dynamic pressure for these 13 flight tests.
Knacke's empirical method of predicting peak loads (Eq. 5.31) is included for comparison. The I
predicted loads slightly underestimate the measured loads. The measured disreefed deceleration loads
were between 8 and 18 g. The measured inflation times, from canopy stretch to full-open, are plotted
in Figure 12.11. The reefing line length (21 or 23 ft) and the reefing line cutter fire delay time (0.5 s)
causes the reefing line to be cut before it is loaded when the parachute system is deployed at dynamic
pressures below -65C Ib/ft2 . At dynamic pressures above 650 lb/ft2, canopy fill times are increased
because the canopy is filled in the reefed condition before the reefing line is cut. Figure 12.11 shows
that the filling time decreases slowly with dynamic pressure and that the mean filling time is -1 s.
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12.5.3 Design and flight testing of second prototype (46.3-ft-dia) main parachute

Parachute inflation code predictions and flight test results of the 40-ft-diameter main parachute
were carefully reviewed before a new main parachute design could be defined that would minimize
collapse to meet the impact velocity requirements. The approximate INFLAT predictions suggested
that the way to minimize collapse was to reduce the diameter of the canopy. However, a smaller
canopy would not meet impact velocity requirements at minimum release altitude, so it was decidedI
to design the new canopy as large as possible within the parachute pack weight and volume
constraints. With a larger parachute, it might be possible to achieve the required impact velocity
before canopy collapse. Furthermore, the larger diameter would provide the latitude to consider a
variety of canopy modifications for reducing the severity of the collapse. The 46.3-ft diameter of this
main parachute was achieved by adding 15 horizontal ribbons to the skirt of the 88-ribbon, 40-ft
parachute. By adding ribbons at the skirt, the same patterns could be used for the original 88 ribbons;
this reduced the time required to fabricate a new prototype. A permanent reefing line was used on the
46.3-ft main parachute because subscale tests showed that it reduced the severity of canopy collapse.
The 89-ft permanent reefing line reduced the drag area of the 46.3-ft parachute to -90% of its
full-open drag area.

A detailed stress analysis of the main parachute was conducted using the CANO code; these
results can be found in Figure 6.3, which shows the maximum structural load ratio (defined as the
tensile load in the ribbon divided by the rated strength of the ribbon) for each ribbon and radial
element of the 46.3-ft main parachute for all pressure distributions and reefed/disreefed configura-
tions. The distribution of 2200-1b, 1000-Ib, and 550-lb ribbons (from canopy vent to skirt) was
established using these CANO results to minimize ribbon weight while requiring a structural load
ratio of <0.46 for each ribbon and suspension line. The figure shows that the 550-lb ribbons are very
lightly loaded. However, lighter ribbons were not substituted in this region because they must also
survive flutter during deployment and inflation of the parachute.

The 46.3-ft-diameter, 20-degree conical ribbon main parachute contains 60 gores and 103 ribbons.
Ribbons 1 through 20 are made of 2-in.-wide, 2200-)b nylon; ribbons 21 through 50 are made of
2-in.-wide, 1000-lb nylon; and ribbons 51 through 103 are made of 2-in.-wide, 550-lb nylon. All of the
horizontal ribbon materials have reinforced selvages to maximize the tearing strength. The strength
of the ribbons and their locations in the canopy were determined using the analytical techniques
already described. The 1000-lb and 550-lb nylon ribbon weaves, described in Reference 8.10, were
developed specifically for this parachute. The 44-ft-long suspension lines, made of 6000-lb Kevlar,
employ the same figure-eight configuration as the pilot parachute suspension lines. Radial backing is
made of 2400-lb Kevlar, vent reinforcement is 10,000-lb nylon, and skirt reinforcement is 10,000-lb
Kevlar. Three mini-radials are used in each gore; the centerline mini-radial extends from skirt to vent
and the outboard mini-radials extend from the skirt to ribbon 41. The parachute has a calculated
geometric porosity of 21%, assuming minimal cambering of the horizontal ribbons. The 46.3-ft main
parachute is reefed using a 23-ft-long, 13,500-lb Kevlar reefing line to control the inflation loads for
high-speed deployments.

The reefing line cutter includes an electrically actuated thermal battery, a 0.9-s electronic timer,
and a propellant-actuated cut knife to cut the reefing line. This reefing line cutter, described in
Reference 10.4, is discussed briefly in Section 10.1.1. A sketch of the cutter is shown in Figure 10.4 and
a photograph of the cutter installation in the parachute is shown in Figure 10.5. The thermal battery
is actuated 0.1 s before the deployment of the pilot parachute is initiated. The reefing line is effective
only at high parachute deployment velocities (above 650 KCAS) because of the short (0.9 s) time
delay. The reefing line is cut before the canopy fully inflates to the reefed stage for parachute
deployments at velocities less than 650 KCAS. As mentioned previously, an 89-ft-long permanent
reefing line is used to control overinflation. The reefed drag area is about 20% of the full-open,
terminal descent drag area of 866 ft2.

The design of the main parachute deployment bag is discussed in Section 9.3.3. Figure 9.16 shows
the 46.3-ft-diameter parachute stretched out on a packing table. Figure 9.19 shows the four-leaf
deployment bag, with callouts for the line ties, canopy ties, etc. A photograph of the packed parachute
is shown in Figure 9.17.
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Flight tests were conducted with and without the 89-ft permanent reefing line to determine its ]
effect on collapse. As predicted by the INFLAT code and subscale flight tests, the permanent reefing
line reduced the amount of collapse, allowing the parachute to provide the necessary deceleration at
a time when the unreefed parachute is recovering from collapse and providing little drag. In general,
the collapse observed with the 46.3-ft parachute, permanently reefed, was significantly less severe
than the collapse of the unreefed 40-ft main parachute.

Flight tests revealed that the inflation time was longer than predicted and not repeatable. This
was thought to be related to high local porosity in the canopy. Measurements of the horizontal nylon
selvage ribbons showed t&'- -.orosity of the 1000-lb ribbons (21 through 50) to be 10%, whereas the I
porosity of the 550-lb ana '200-lb ribbons was only 2%. A computer code, POROUS, was developed
to calculate the local porosity distribution across the main canopy using the actual porosity of the
1000-lb ribbons. Figure 12.12 compares the calculated local porosity distribution along the canopy for
the two ribbon porosities. Note that the local porosity is zero to a canopy radius of about 20 in. That
is because these canopies were fitted with a solid-fabric 36-in. vent cap attached to the radials inside
the parachute to decrease the porosity and thereby increase the inflation rate.
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Figure 12.12. Predicted local porosity distributions for the main
parachute for different 1000-lb ribbon porosities

With a local porosity greater than 30% where the 1000-lb ribbons are located, it is not surprising
that the 46.3-ft parachute would occasionally experience slow inflations. Flight tests were conducted
with and without vent caps and with porous 1000-lb horizontal ribbons. The 1000-lb ribbons were
coated with RTV flexible silastic to reduce the porosity from 10% to 2% for test PDU-26. The
parachute inflation times for four flight tests are shown in Figure 12.13. The data clearly show that
there is no appreciable effect of the vent cap on the inflation time, whereas reducing the porosity of
the 1000-lb ribbons reduced the inflation time of the parachute dramatically, from -3.2 s to 1.8 s.
New 1000-lb selvage ribbons were developed. Bally Ribbon Mills produced six new weaves, and
comparative measurements of porosity and sewing characteristics were made at Sandia to evaluate
those weaves. The weave selected had a porosity of 3%. This new 1000-lb ribbon was used for the final
prototype 46.3-ft-diameter parachute. A sketch of three gores is shown in Figure 12.14.

The INFLAT code- , 5 2' was used to predict the maximum deceleration design load for this
parachute at a deployment speed of 800 KCAS at an altitude of 5500 ft above sea level. These inflation
load predictions are shown in Figure 12.15. Parametric INFLAT calculations suggested that collapse
would not be a serious problem with this 46.3-ft parachute; the computations showed that, in some
cases, the wake would overrun the parachute but the effects of canopy distortion on drag would not
be significant.

Thirty-five flight tests of this parachute were conducted during the development program using
test aircraft (A-7, B-52, and F-Ill), upward ejection from rocket sled, and ground-launched rockets.
These tests were tabulated by Johnson and Peterson. 6 The measured (from optical data) inflation
times are plotted in Figure 12.16. The mean inflation time is -1.6 to 1.8 s and, within the large scatter

$ $ $
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of the data, is invariant with dynamic pressure. These opening times are nearly twice those of the 40-ft
parachute (Figure 12.11), which experienced severe canopy collapse. The longer opening times of the
46.3-ft main parachute minimize the collapse problem because the transfer of the momentum of the
store to the wake is spread over a longer time period and over a larger-diameter air mass. The wake I
behind the 46.3-ft parachute is less energetic than the wake behind the 40-ft parachute; hence, there
is less tendency for the parachute to collapse. The peak measured deceleration loads for these flight
tests are compared with empirical predictions in Figure 12.17. The predicted loads are much higher
than the measured loads over deployment dynamic pressures ranging from -1200 to 2200 lb/ft2. The
exact cause of these low measured loads is unknown, although it is probably due to the local
distribution of porosity (and the ribbon cambering during opening, which increases the effective
porosity) along the canopy, which may increase the filling time and thereby decrease the magnitude
of the opening-shock loads. These parachutes were constructed to tight dimensional tolerances, so the
variations in canopy porosity due to variations in ribbon spacing should be small.
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Flight tests were conducted with F-111 aircraft at TTR at or near 800 KCAS release velocity at low
altitudes in order to verify that the 46.3-ft parachute system met the requirements specified in Section
12.5. Figure 12.18 plots flight test data for two of those tests. The data show that the store is
decelerated to an impact velocity of 70 ft/s at -150 ft below the release altitude, as required by the
system design specifications.

Figure 12.19 shows the effects, from many flight tests, of aircraft vertical velocity at release on
store velocity after vertical fall distances (after release) of 150 and 200 ft. For aircraft vertical
velocities less than -30 ft/s (30 ft/s downward), the total velocity of the store may be well above the
desired 70 ft/s after 150 ft of fall, even when the parachute's performance is nominal. Conversely, the
velocity of the store after 150 ft of fall is often 60 ft/s or less if the aircraft vertical velocity at time of
release is 30 ft/s upward, even if the parachute experiences some wake recontact. The effects of
aircraft vertical release velocity must be taken into account to properly assess the performance of a
high-performance parachute.

After reviewing the flight test data from the main parachute configurations, it is possible to draw
conclusions about the role of unsteady aerodynamics on the performance of a single large parachute
used for the low-altitude delivery of a store. The data show that the parachute is inefficient during the
rapid deceleration phase of parachute inflation as the store approaches terminal descent velocity. The
loss in performance is caused by wake recontact (Section 5.3.3) and added mass effects (Section 5.3.1).
The drag area of the parachute in terminal descent is -866 ft2 (which results in a terminal velocity
of 55 ft/s at 5000 ft altitude), but the added mass effects and wake recontact reduce the instantaneous
drag area significantly below the steady-state drag area while the store is decelerating. Figures 12.20
through 12.22 illustrate the effects of the transient aerodynamics on the parachute. PDU-45 was a
rocket-boosted test at TTR in which the parachute was deployed at a dynamic pressure of 2182 lb/ft 2

(Mach 1.43) at an altitude of 9286 ft above MSL. Figure 12.20 plots store deceleration versus time, and
Figure 12.21 shows the dynamic pressure decay from the time of deployment. Figure 12.22 shows the
time variation of the effective drag area of the main parachute; it is determined by dividing the
instantaneous deceleration by the instantaneous dynamic pressure. The maximum effective drag area
during the inflation of the parachute is -475 ft2 at 1.55 s after canopy stretch. At this time, the
parachute has reached its full-open diameter for the first time. This is shown in Figure 12.23, which
is a plot of the diameters of the skirt and canopy versus time. Even though the canopy is at its
maximum diameter at 1.55 s, the effective drag area is only 60% of the steady-state drag area. During
the next second of flight, the effective drag area decreases rapidly to only -200 ft2. Figure 12.23 shows
that this sudden decrease in effective drag area cannot be attributed to a change in canopy drag area;
the loss is caused by the unsteady flow field around the canopy. After this time, the transient
aerodynamic effects are diminished, and the effective drag area increases until the steady-state drag
area of -866 ft2 is reached.
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To summarize the nonsteady aerodynamics, the flight data show that the drag coefficient (based
on constructed area) for the parachute is -0.30 during the period when the transient aerodynamics
dominate and -0.50 in terminal descent. As a result, the effective drag area during this nonsteady
aerodynamics period is only -60% of the terminal drag area of the parachute. Analytical estimates
of the effects of added mass and wake recontact on this system support the conclusion that we have
probably approached the limit in the performance that can be obtained from a single large parachute
for the low-altitude delivery of a store.

Finally, Figure 12.24 shows a collage of photos of the 46.3-ft-diameter parachute decelerating the
store after its low-altitude release from the B-i. Flight tests of the store/parachute system have
demonstrated that the parachute meets all of the system requirements, despite the nonsteady
aerodynamics effects described earlier.
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12.6 Design notes on other high-performance parachute systems

This section provides the reader with a brief description of the design of three other parachute
systems. The chapters or sections in this AGARDograph where each design is discussed and selected
references that describe each design in greater detail are listed.

12.6.1 Design of a 5-ft-diameter Mach 2 parachute for missile payload deceleration

This parachute design was required to decele' le an 800.lb, 13-in.-diameter, 10.8-ft-long store to
a terminal velocity of -300 ft/s. The store is separated from a surface-launched missile, and the
parachute is deployed ai, a maximum velocity of -2300 ft/s. This corresponds to a dynamic pressure
of 4400 lb/ft2 and a Mach number of 2.15 at a deployment altitude of 11,000 ft MSL. The minimum
parachute deployment velocity was 686 ft/s, which corresponds to a dynamic pressure of 440 lb/ft2. No
critical weight limitation was imposed on the parachute system, and the space available in the store
afterbody for a parachute pack was a 4.5-in.-diameter cylinder about 40 in. long.

Peterson et al."2 and Peterson4 20 describe in detail the design and the wind tunnel testing and
flight testing of these 3.7- to 5.3-ft-diameter ribbon parachutes. Supersonic wind tunnel tests of these
parachutes are discussed by Pepper, Buffington, and Peterson.s 22 The rocket system used to
flight-test these parachutes is discussed by Rollstin.'" 3

Forebody wake effects in supersonic flow are discussed in Section 4.2.6.2. Drag coefficients from
subsonic to supersonic Mach numbers are given in Figures 4.8 and 4.9. Figure 4.11 presents a schlieren
photograph of a hemisflo parachute in supersonic flow in the NASA-Ames 9-ft by 7-ft Supersonic
Wind Tunnel. Figures 4.20 through 4.22 show supersonic wind tunnel drag data of ribbon parachutes
measured in this wind tunnel (Ref. 3.22). The rocket booster testing of these parachutes at supersonic
speeds is described in Section 11.2.2 (Ref. 11.13). Velocity and dynamic pressure flight test data,
during store deceleration, are plotted in Figures 11.8a and 11.8b, respectively. A photograph of the
store and rocket booster in flight is shown in Figure 11.15, and the inflated parachute, photographed
with a camera onboard the store, is shown in Figure 11.16.

Peterson et al,' 2 demonstrated the adequacy of the parachute design with 19 subsonic and
supersonic flight tests. They concluded that the suspension line length, canopy configuration, and
forebody wake have a major effect on supersonic/transonic parachute performance and stability.

12.6.2 Deign of Space Shuttle SRB parachute recovery system

Godfrey 12
.
4 reported in 1973 that the NASA-Marshall Space Center was conducting extensive

studies to establish the most cost-effective recovery system for the Space Shuttle Solid Rocket
Boosters (SRBs). He suggested that empty-casing solid rocket boosters could be recovered by using
state-of-the-art recovery systems at an estimated cost savings of 30 % over the use of expendable solid
rockets. His initial calculations showed that 146-ft-long, 160,000-lb empty boosters would separate
from the Space Shuttle at an altitude of -131,000 ft and a velocity of -4500 ft/s, coast to an apogee
of -200,000 ft, and splash down in the ocean at -120 nautical mile range. The SRBs' reentry into the
atmosphere could be stabilized by aerodynamics and mass characteristics at a high angle of attack.
This "broadside" reentry would use SRB body drag to dissipate energy and to mitigate the severe
reentry conditions for parachute deployment. Godfrey concluded that the fundamental design drivers
were the initial conditions for recovery subsystem initiation and the terminal or impact velocity of the
SRB.

Wolf'" reported on preliminary design and analysiis studies of the SRB recovery system, which
were conducted by Sandia for NASA in 1974-1975. The recovery system baseline specified by NASA
in Match 1974 consisted of a single drogue parachute and a three-parachute main system. The
54-ft-diameter drogue was extracted from the front of the broadside SRB by the ejected nose cap. A
single reefed stage for the drogue parachute was used to rotate the SRB to a tail-first attitude, and the
full-open drogue provided the proper main parachute deployment conditions. A cluster of three
104-ft-diameter main parachutes was then deployed by the drogue. Two reefed stages were used to
minimize the main parachute inflation loads, and the full-open cluster provided the desired watei-
entry speed of 100 ft/s. The main conclusions from the Sandia studies were: (1) the choice of conical
ribbon drogue and main parachutes was best for a state-of-the-art development program; (2) desired
safety design margins, as confirmed by a stress analysis, existed in both the drogue and main
parachutes; (3) the drogue parachute should be deployed by a 15- to 20-ft-diameter pilot parachute
rather than by the ejected nose cap; (4) a flight test design verification program for the parachute
system was an absolute requirement; and (5) a B-52 carrier aircraft should be used for the test
program in conjunction with a 50,000-lb parachute test vehicle. Computer simulations of parachute
inflatiors of all the stages showed that the opening loads of the parachutes could be simulated with
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this test vehicle. NASA subsequently adopted the pilot parachute concept to deploy the drogue
parachute and decided to conduct a comprehensive flight test program using the B-52 as the carrier
aircraft.

In 1975, Bacchus, Vickers, and Foughner46 conducted an extensive wind tunnel investigation of
1/8-scale models of the proposed SRB recovery parachutes (54-ft-diameter drogue and 104-ft-
diameter mains) and four drogue parachute deployment techniques. Their interference-free steady-
state wind tunnel drag data showed excellent agreement with Sandia's full-scale flight test drag data
for 23- and 76-ft- diameter, 20-degree conical ribbon parachutes. The optimum wind-tunnel
deployment technique tested was the SRB nose cap deployment of a pilot parachute that in turn
deployed the drogue parachute. This deployment scheme was subsequently adopted by NASA as its
baseline design.

Six papers on the SRB recovery system design were presented at the 1979 AIAA 6th Aerodynamic
Deceleration Systems Conference.'. 4 By this time, NASA had decided to increase the main parachuteI
diameter to 115 ft. The baseline performance schematic of the Space Shuttle, the SRBs, and the SRB

recovery is shown in Figure 12.25. Runkle and Drobnik'2 5 describe in detail the 50,000-lb parachute
test vehicle (PTV), which was designed to take parachute opening-shock loads of up to 300,000 lb and
be compatible with B-52 pylon carriage with satisfactory release and separation. Spahr". 9 calculated
the release and separation characteristics of this PTV from the B-52 pylon using a computer code that
modeled the PTV/B-52 flow field and the resulting initial flight path of the PTV. Kross and Webb' 6

conducted tests at Sandia's Rocket Sled Track to evaluate the SRB nose cap/11.5-ft-diameter pilot
parachute system for deploying the 54-ft-diameter drogue parachute. Two sled tests of the full-scale
hardware demonstrated that the nose cap separation, followed by the pilot parachute, was a
satisfactory method of deploying the 54-ft-diameter drogue parachute.

Two solid-booster cases To orbit (150,000 Ib)
174,000 lb each,
146 in. dia X 144 ft long \5-'

Maximum altitude = 260,000 ft

Initial deceleration
flat spin

54-ft-dia Drogue parachute deployed
at M = 0.5, 16,000 ft altitude

Three 115 -ft-dia parachutes deployed

at M =0.3, 6600 ft altitude

/Liftoff wt 4.2 X10 6 lb Impact velocity =90 ft/s

Figure 12.25. Performance schematic of NASA Space Shuttle recovery system
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Rodier12' 7 discusses the design of the two-stage skirt reefing system for the 54-ft-diameter
20-degree conical ribbon drogue parachute. This drogue parachute has 60 gores, a porosity of 16%,

Iand weighs 1150 lb. The parachute design aerodynamic load limit is 270,000 lb. The 15,000-lb-strength
nylon suspension lines are 105 ft long. The canopy horizontals, starting at the apex, consist of forty-six
2000-1b, forty 1500-lb, and thirty-three 1000-lb nylon ribbons. The two stages of reefing are 60% and
80% of full-open drag area, with redundant reefing line cutters in each stage. The reefing lines are
three plies of 12,000-lb nylon.

Runkle and Woodis" 3 conducted an overtest of the drogue parachute at a planned deployment
dynamic pressure of 284 lb/ft2 (or 1.3 times the 218-lb/ft2 maximum dynamic pressure expected
during SRB recovery) to evaluate the structural integrity of the parachute. The predicted peak drogue

aerodynamic load was 301,000 ± 43,000 lb, compared to the maximum predicted operating aorody-
namic load of 225,000 lb during SRB recovery. The actual dynamic pressure at drogue parachute
deployment (a 48,000-lb PTV was dropped from the B-52 to test the drogue parachute) was 331 lb/ft2.
The drogue "exploded" at an aerodynamic load of about 548,000 lb. The excellent onboard camera
footage showed a classic failure of a high-performance canopy when loaded far beyond its intended
design limits. The instrumentation showed a good correlation of aerodynamic load and parachute area
during opening. Posttest analysis revealed that the reefing system had been damaged by the snatch
load, and both reefing lines had failed. As a result of this test, the reefing lines were changed from two
plies to three plies of 12,000-lb nylon, and other modifications were made to the reefing system. A
great deal of valuable design information was obtained from the analysis of this parachute test failure.

Moog, Sheppard, and Kross4
.
2 discuss the results of six aircraft drop tests of the SRB decelerator

subsystem, which consists of a 11.5-ft-diameter pilot parachute, a 54-ft-diameter drogue parachute,
and a cluster of three 115-ft-diameter main parachutes. The 115-ft-diameter main parachute has a
canopy of 16% porosity and is constructed of 20-degree conical ribbons with 96 gores. The radial
members of the all-nylon canopy are made of two plies of 3000-lb webbing, the horizontal ribbons
consist of either 460-lb or 1000-lb tapes, and the reefing lines are made of two plies of 9000-lb webbing.
Each of the 96 suspension lines is made of 6000-lb nylon webbing. Each main parachute weighs
1600 lb. The design-limit load for the main parachute is 174,000 lb. The suspension lines, dispersion
bridles, and risers are 62 ft, 70 ft, and 40 ft long, respectively. Moog, Sheppard, and Kross concluded
from these aircraft drop test results (functional demonstrations of the subsystems, drag verification,
and structural overload testing) that the subsystem was ready for qualification testing on the Space
Shuttle development flights. Moog, Bacchus, and Utreja 4.5 0 compared wind tunnel test data with the
drop test results to predict the performance of the SRB flight parachutes. The parameters assessed
included full-open terminal drag coefficients, reefed drag area, opening characteristics, clustering
effects, and forebody interference.

Woodis ' 8 discussed the recovery of the SRBs from the first Space Shuttle flight of April 12, 1981.
Tallentire"2 ' discusses the design and development of the SRB recovery system; the flight test
program; the design techniques, major equipment, facilities, and procedures; post-mission inspection,
repair, repacking, and verification; and the performance of the subsystem on the first six shuttle
flights. Figure 12.26 is a photograph of the SRB with the three main parachutes. Water impact

damage to the SRB skirt led to a decision to increase the diameter of the main parachute from 115 ft
to 136 ft, with the same porosity of 16% and the same 20-degree conical design. The new parachute
has 160 gores (and suspension lines) versus 96 gores for the smaller main parachute. The weight of
the new design increased 496 lb per parachute, to a total parachute system weight of approximately
2100 lb.

The SRB decelerator system offered many design challenges because of the large payload weight
and the reentry environment. The designers decided early in the program to stick with state-of-the-
art, proven parachute concepts; for example, the new material Kevlar was not extensively used. Kevlar
is used for the parachute reefing lines and in the pilot parachute. This conservat, approach led to
a very successful decelerator design for the SRB.

1i f
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Figure 12.26. Photograph of an SRB with three 115-ft-diameter

parachutes (courtesy of NASA)
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12.6.3 Design of parachute recovery systems for artillery shells

The first documentation of Sandia work to develop a parachute system to recover a spinning
artillery shell fired from a cannon was presented by Pepper and Fellerhoffl.13 in 1969. Sandia has
conducted over 300 flight tests to date to recover 155-mm and 8-in. shells. Several generations of shell
recovery systems were developed in a successful effort to increase recovery system reliability. This
recovery capability allows the designer to conduct in-flight component structural teqts, in-flight
component functional tests, and posttest .ialysis of the shell's components after they have been
subjected to the severe gun-launch environment. It also allows the use of a complex and expensive
telemetry system to measure flight environments and to monitor components during flight; the system
is then recovered, refurbished, and reused.

Waye, Peterson and Botner"4 discuss the design and performance of these 155-mm and 8-in. shell
recovery systems. The very severe launch and parachute deployment environments are presented in
Table 12.1. A schematic of a typical flight path is shown in Figure 12.27. Both shells are tested at the
Tonopah Test Range (special gun emplacements have been constructed) by firing the shells at a
near-vertical elevation angle. The shells reach an apogee of 40,000 to 70,000 ft, depending on the
propellent charge and vehicle weight, After reaching apogee, the rapidly spinning shells fall in a
base-first orientation, which places the nose-mounted recovery system at the trailing end of the
projectile. Trajectory calculations are made to predict the setting for the onboard electronic timer (see
Figure 12.28) to deploy the parachute at a dynamic pressure of 10 to 15 lb/ft2. The deployment signal
from the timer fires a, detonator and initiates a pyrotechnic train that sets off an aluminum linear
shape charge, which severs the ogive from the swivel base. The explosive forces and aerodynamic
forces remove the ogive; the exposed canopy is subsequently deployed by centrifugal and aerodynamic
forces. The parachute inflates, the swivels are engaged, and the shell decelerates to terminal velocity;
impact velocities are between 100 and 120 ft/s. The axial ground impact deceleration on the projectiles
is estimated to average -110 g, with decelerationspikes about two to three times greater. These low
impact decelerations are in sharp contrast to the high (12,000 to 20,000 g) axial accelerations
experienced by the shell and components at launch.

Both recovery systems consist of a package that forms the nose of the projectile. A thin-walled
ogive contains the parachute. The suspension lines of the parachute are attached to a small parachute
swivel, which in turn is attached to a steel aircraft cable (see Figures 12.29a and 12.29b). The other end
of the cable is attached to the main swivel in the swivel plate, which is attached to the projectile. The
swivel plate is also attached to the ogive, and the parachute, suspension lines, and cable are packaged
in the hollow cavity formed by the ogive and the top of the swivel plate. The swivel plate contains an
explosive chai'e, which cuts the ogive free to deploy the parachute, and a timer that initiates the
explosive charge.

The 155-mm and 8-in. shells weigh 100 lb and 200 lb, respectively, and their recovery systems
weigh 11 lb and 15 lb, respectively. Guide surface parachutes were selected for the artillery shell
recovery systems because of their highly reliable inflation characteristics and high drag coefficient of
0.8. The parachutes (4-ft-diameter for the 155-mm shell and 8-ft-diameter for the 8-in. shell) are made
of 1.6 oz/yd2 nylon and contain twelve 1500-lb tensile-strength Kevlar suspension lines. The
parachutes are packed into the shell ogives, with a Teflon liner to prevent friction burns during gun
launch and deployment.

Table 12.1. Maximum Artillery Shell Environment
at Gun Launch and Parachute Deployment

155-mm 8-in.

Gun Launch

Axial acceleration (g) 20,000 12,000
Radial acceleration (rad/s2 ) 400,900 200,000
Muzzle velocity (ft/s) 3,000 2,200
Spin rate (rpm) 18,000 12,000

Deployment

Dynamic pressure (lb,'it 2) 15 15
Spin rate (rpm) 15,000 10,000
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Figure 12.27. Flight path cf a retarded artillery shell

The double-swivel system was necessary for a successful recovery system because of a nutation
phenomenon that occurs during descent. Benedetti12.9 modeled the translational and rotational
motions of a spinning projectile descending on a parachute. He showed, through numerical solutions
as well as closed-form analytical solutions, that the Magnus moment causes the large nutational
motion of the projectile. When the center of pressure for the Magnus force is aft of the projectile
center of mass, the Magnus moment causes a large, unstable nutational motion that turns the spir,,ing
projectile upside-down while it is descending on the parachute (Figure 12.30). During descent, the
shell shifts from a base-down orientation to a nose-down orientation due to this nutation. During
nutation, the main swivel effectively decouples the shell rotation from the cable, and the parachute
swivel allows the cable and shell to rotate around the parachute. If either swivel is damaged, the
parachute suspension lines will become twisted and the parachute will stream. The cable assembly
consists of two left-hand-lay, 3/16-in.-diameter steel aircraft cables with a breaking strength of
4200 lb each. These cables are attached to the parachute suspension lines, which are behind the aft
end of Litt ptjectile during the nutation process. A steel wear block is swaged to the cables near the
lower end. Th;s block is positioned so that when the shell shifts it rubs on the edge of the swivel plate
and tle cut .dlge of the ogive. As the wear block rubs on these edges, it removes spin energy from the
shell. Tlie slv'll then becomes unstable in the nose-down orientation and rotates back to the
base-down or:entation prior to ground impact.
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Ogive

Parachute

Cable assembly
Parachute swivel

Main swivel assembly 0 0

Explosive train

Timer

Swivel plate

Figure 12.28. Schematic of the 155-mm recovery system

Waye, Peterson, and Botner' discuss some of the design modifications that were made to increase
the reliability of these recovery systems. The redesigned systems have proved to be more than
95 percent successful for the recovery of 8-in.-diameter artillery shells and more than 85 percent
successful for the recovery of 155-mm-diameter artillery shells. Based on the very severe launch
environment and parachute deployment conditions and the extensive set of full-scale test data, these
recovery success rates are respectable.

I.j4
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Figure 12.29b. The 8-in. recovery system
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Wear block

Figure 12.30. Projectile nutation
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It CHAPTER 13

SUMMARY AND CONCLUSIONS

Several factors have forced parachute technology to advance very rapidly during the past two
decades. The expansion of the flight envelopes of modern aircraft, missiles, rockets, reentry vehicles,
and spacecraft has required increased parachute performance. In addition, payloads have become
much more expensive, making parachute recovery more a requirement than an option. These factors
have prompted a phenomenological approach for developing parachute technology. The goal of this
approach is to understand enough about the time-dependent aerodynamics and structural dynamics
of the inflating parachute to allow constructing approximate models of the inflation )rocess that, in
turn, could be used as parachute design tools. New design tools have been developed for modern
high-performance parachutes and additional design data have been obtained. The purpose of this
AGARDograph is to identify the "state of the science" in parachute design and to summarize modern
parachute design and testing procedures, taken from over 400 references, that might be useful to
parachute designers.

Methods for predicting the aerodynamics of inflating parachutes continue to be the most needed
tool for assisting the parachute designer. The extraordinary complexity of parachute aerodynamics,
however, has made development of numerical parachute inflation tools a slow process, which today is
still far from completion. High-performance parachutes often generate rapid decelerations and
attendant nonsteady aerodynamic phenomena. As an initial approach to these nonsteady aerody-
namic phenomena, scientists have proposed steady-state aerodynamic approximations that provide
some physical insight into parachute inflation and are useful for preliminary design. Semiempirical,
analytical, and inviscid methods are coupled with data from wind tunnel and flight tests to form the
basis for parachute design today. These resources are adequate for predicting parachute drag once the
inflation process is complete. They show that the parachute designer must account for forebody wake
effects, consider the decreases in parachute drag due to Mach number, and allow for the interaction
of parachutes in a cluster of multiple canopies. However, the analytical methods are still unable to
predict quantitative pressure distributions for parachute canopies in a constant-velocity airstream.
Experimental data are limited by our lack of knowledge about how to scale data to large flight systems,
but the data are useful in identifying the important physical processes of parachute operation.
Without extensive data on parachute drag, canopy pressure distributions, and the surrounding flow
field, development of numerical design and performance prediction tools will not be possible.

Computational methods that r,;plicate the nonsteady aerodynamics of an inflating parachute are
even rarer than steady aerodynemic models. Simple algebraic expressions based on data from a
limited data base of parachute t ypes and flight conditions at the time of inflation are all that are
available to parachute designers at the present time. The development of computational parachute
inflation models has progressed to the point where their potential value has been proved, but such
tools are not yet ready for general use by the parachute community. The lack of parachute inflation
predictive models is the most serious deficiency within the parachute technical community today, and
the greatest handicap to parachute engineers. Efforts to develop and validate semiempirical,
numerical inflation models based on the equations for the momentum of the parachute should receive
top priority within the parachute community.

Concurrently with the development of semiempirical, numerical, nonsteady parachute aerody-
namic models, the authors believe that research to obtain full Navier-Stokes solutions of the flow
around and through an inflating parachute should be emphasized. With the continuing advancements
in mainframe computer capabilities (more storage and faster computations), Navier-Stokes calcula-
tions of parachute inflation will undoubtedly become the parachute engineering design tools for future
high-performance parachute desipns. Development of Navier-Stokes methods for predicting para-
chute inflation will also require high-,idelity experimenta! data, which at present are still unavailable.
Controlled measurements of parachute flow field, canopy pressure distributions, and drag during
inflation and deceleration are very much needed for the validation of parachute aerodynamics codes.

Methods for determining the strength of materials used in parachutes are more advanced than
ma+hods for determining inflation aerodynamics and drag performance. Approximate methods such
as CALA work well for circular symmetric parachutes, and they serve as appropriate design tools for
use by tha general parachute community. Advancements made in the structural model in CALA could
include a finIte element representation of all elements of the canopy, rather than just ribbons and

canoy, 4-
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radials. Such an approach would also accommodate canopy types that do not have circular symmetry.
At the present time, the greatest limitation in using the CALA code is not knowing what pressure
distribution to provide as input to the stress calculations. Since the weakest link in the accuracy of
stress calculations is attributed to inadequdte representation of the nonsteady aerodynamics of
parachute inflation and deceleration, higher priority should be given to the development of

aerodynamic models than to stress models.

In view of the inadequacies of available parachute design codes, both ground test assets (such as
wind tunnels) and flight test ranges are absolutely essential to the parachute designer. Advancement,
in instrumentation and data acquisition systems have allowed us to learn more about parachutc
inflation from ground and flight tests than was believed possible two decades ago. Simulation of tht
nonsteady aerodynamics of an inflating, decelerating parachute in a controlled environment is a
necessity for the parachute community, but no such capability exists anywhere in the world today.
Even in steady flows, improved instrumentation and test techniques are needed to measure the flow
field around parachutes so that aerodynamic numerical codes can be validated.

Flight test facilities should be treated as national assets, with a strategic management plan that
does not change with every dip in the budget. They are precious resources that must Je shared,
sustained, and kept as affordable as possible because numerical design codes will never replace the
need for flight testing. Because of their high cost of operation, flight test ranges are always prime
candidates for closure in lean budgetary years. For the same reason, once they are closed, they will
probably never be reopened. It is crucial that they be managed as strategic national assets so that they
will be available over the long haul.

The parachute community has relied on non-parachute requirements to drive the development of
strong, lightweight textile materials; whenever new materials were developed, the parachute commu-
nity focused its research on learning how to utilize those new materials in parachute design. This
approach has been successful and is an appropriate strategy for the future, given the relatively small
quantity needed for advanced parachute extiles compared to the large quantities of advanced textiles
needed in other disciplines and markets. The parachute community should develop an accessible data
base of material specifications and arrange for a "caretaker" to ensure that changes made to these
specifications are documented and made known to all users of parachute materials.

Parachute deployment and packing are the least analytical, most experiential •. ts of parachute
technology. Some success has been achieved in modeling the important feawures of parachute
deployment in a computer code. However, the secrets of parachute deployment bag design and
packing reside only in the minds of experienced technicians and designers. To ensure that this
knowledge base is not lost, new technicians and engineers should work with experienced people.

The complexity of the parachute inflation problem, the magnitude of the research that must be
done, and the small size of the parachute community all suggest that future parachute technology
development will not be completed successfully unless it is given higher priority and is pursued as a
national/international collaborative effort of scientists and engineers. No single laboratory has either
the resources or the talent mix to solve all of the critical parachute technology problems by itself.
Obtaining high priority for this work is itself a formidable problem because the parachute community
has done little to convince its own management and sponsors that parachute design is a technical issue
rather than an art form. The parachute community has every incentive to try new approaches for
developing parachute technology: the success of future high-performance parachute systems depends
on whether the community will push to treat parachute design as a technology, whether they will work
together or separately to develop that technology, and whether they can earn endorsement by
parachute users that developing parachute technology now is the only way to avoid the expensive,
time-consuming problems that are likely to surface in future system development programs.
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*Ballistic ranges (see testing, ballistic ranges) Decelerator characteristics 11-39
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Collapse (see collapse) Sequencing 87-88, 90-99
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Porosity 15-17, 21, 44-50, 62-65, 70-81, 98, Dynamic stability 76, 78-80, 105

101,113-114, 143-146, 150, 254-255, 264-265

Pressure distribution (see pressure, canopy, Environmental simulation 175-179
distribution) Extraction parachutes (see pilot parachutes)
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Fabrication methods (see canopy, fabrication) Moment
Fabrics 169-179 Pitching 22-24, 76-79, 149-152, 157-159
Facilities (see testing) Rolling 22-24, 151-152, 157-159 U
Filling distance (see inflation, filling distance) Yawing 22-24, 151-152, 157-159
Filling time (see inflation, inflation time) Navier-Stokes equations 112-113
FIST 5, 8, 28 Nominal parachute area 14
Flotation devices 207-212 Nominal parachute diameter. 14
Forebody wake interference (see listings under Normal force (see aerodynamic forces, normal

wakes) force)
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Heat-resistant drogue structure 6, 81 Opening forces (see inflation, opening forces)
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High-temperature-resistant materials 81, 169, Oscillation (see stability)

Infinite mass condition 98, 102, 142, 147 Packing procedures 185, 190-191, 196-201,214-
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Inflation time 98, 105-110, 114-115, 173, 181, Ballute (see ballute)

262, 265-266, 270 Disk-gap-band 15, 31-32, 50, 81, 130, 145,

Opening forces 1-2, 19, 24, 87, 98-106, 109- 188

115, 129-133, 172, 184-185, 203, 229, 251- Equiflo 145-146, 149

252, 254-255, 257, 259-262, 265-267, 269, Guide surface, ribbed 5-6, 15, 31-34, 51, 72-

272-274 73, 130, 142, 149-150

Snatch load (see snatch load) Guide surface, ribless 15, 34-35, 182-184,208,

Instrumentation 210-211, 240-241

Ballistic range 225, 231-237 Hemisflo 6, 15, 26-27, 50-51, 62, 64, 80, 115,

Test vehicle 244-246 142, 145

Wind tunnel (see wind tunnel, instrumenta- Hyperflo 6, 51, 54-55, 81, 145-146, 149

tion) Lifting conical ribbon 8, 15, 20-26, 123, 151-
152, 157-161

Joints and seams Parasonic 60

Strength loss 176-179 Pilot parachutes (see pilot parachutes)
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256, 259, 263, 274, 276 244-246

Ribbon, flat circular 5, 14-16, 45, 64, 72-74,

Lift/drag 21 129, 136, 142, 152
Lifting decelerator (see parachutes, type, lifting Ringsail 15, 30-31, 64, 66, 68, 130, 183, 188

conical ribbon) Ringslot 5,15, 28,50,64, 67,74,102,135,142,
Location devices 208-213 146, 149, 183, 188
Low level (altitude) delivery 6, 20, 24-26, 115- Ringslot/solid canopy 29, 187

117, 132, 197-198, 217, 226-230, 240-241 Rotafoil 5, 15, 35-36, 51
Rotating flexible decelerator 35-36, 38

Materials Supersonic guide surface 54-55
Degradatio. of strength 175-179 Supersonic-X 51,54-55, 81,145-146,149, 152
Strength 170-171, 176-179 Vortex-ring 15, 35, 37, 51
Testing 170-179 Pilot parachutes 15, 35, 88-96, 114, 143, 172,

Mercury capsule 31 181-187, 196-201, 208, 216, 259-260, 274
Missile and rocket payload recovery 2, 35, 67- Pocket bands 13, 18

68, 81, 130-132, 174, 182-184, 186-190, 207-213 Porosity (see canopy porosity)
Moment of inertia 122 Pressure packing 215-218
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Pressure, canopy Standard atmosphere 224
Analytical methods 69-71, 111-113, 130 Steady aerodynamic forces 43-81
Coefficient 71, 73 Stitching (see sewing/seams)
Distribution 69-76, 146-149 Strength, joints and seams 175-179
Measurement 70-76, 113-114, 130, 136, 146- Strength, material degradation 175-179

148 Stress measurements 135-138
Suspension lines 12, 18, 88-98, 129-133, 173-

Quality assurance (see reliability) 174, 178-179, 181-182, 185-192, 196-201, 203,
206-207, 216, 240

Rate of descent measurement 233-236 System reliability 219-221
Reefing

Canopy skirt 18, 63-68, 114-115 Testing
Drag, reefed 63-68, 114-115, 145, 153 Aircraft drop test 5-6, 19, 24-26, 45, 48, 66,
Line cutters 18, 63-64, 8&, 203-207, 217, 221 78, 90, 104, 115-117, 132, 172, 183-186, 191-
Permanent 81, 120 192, 223-228, 243, 249-274
Pressure distribution 147 Artillery shell 2, 276-280

Ratio 64, 107 Ballistic ranges 6, 25-26, 116, 223-225, 231-
Rings 18, 63 237
Static stability 64, 77-78 Captive sled 5-6, 50-51, 223, 239-240

Reentry vehicle recovery 184, 186, 240 Ejector sled 81, 108, 115-117, 172, 186, 197,
Reliability 219-221 223, 240-241
Roll-control system 22 Rocket-boosted 6, 19, 27, 48-49, 66, 80-81,
Rolling moment (see moment, rolling) 103, 115, 132, 182-184, 207-212, 223-225,

229-230, 244, 254-258, 261, 264, 272
Scaling laws 162-164 Whirl tower 242
Sewing/seams 175-179, 213-214 Wind tunnel 5-6, 45, 49-53, 57-63, 70-81,
Simulated deployment testing 143, 181-195 113-114, 134-136, 139-166, 226
Sled ejector testing (see testing, sled ejector) Textiles (see materials)
Sled captive/tow testing (see testing, captive Torpedoes 5, 31, 34

sled)
Sled tracks 223, 237-239 Velocity measurement 225-226, 233-241, 244-
Snatch load 19, 96-98, 181 245
Solid Rocket Booster, Space Shuttle, recovery Viking decelerator 31, 188

system 2, 45, 47, 66-68, 98,103,131,143, 153,
162, 189 Wakes

Sounding rocket payload recovery (see missile Forebody, hypersonic 61
and rocket payload recovery) Forebody, subsonic 56-59, 78

Spacecraft recovery 130, 188 Forebody, transonic and supersonic 59-63,
Squidding 63, 80-81 80-81, 89-90, 143-146
Stability 15, 63, 76, 121-123, 149 Parachute (see canopy collapse)

Dynamic 76, 78-80, 122 Wind tunnel
Static 76-78, 149-152, 157-161 Instrumentation 22, 135-138, 142-161

Stabilization parachutes 5, 15, 31-35 Listing 139-142
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